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0 High power optical fiber. 



© An optical liber for use with high power infrared radiation. The cladding, which may be restricted to >he ends, 
consists of alternating layers of different refractive indices. Preferably the core is a crystalline haiide of silver 
thallium or cesium, one of the alternating cladding layers is crystalline lead fluoride and the other alternating 
cladding layer is crystalline germanium or silver haiide. The middle portion of the core may be not covered oy 
the cladding or covered by fewer layers. A metal layer may cover the cladding. A resin layer having a refractive 
index not larger than those of the cladding layers may cover me cladding. 



FIG. 8 
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HIGH POWER OPTICAL FIBER 

BACKGROUND OF THE INVENTION 



p: 9ld or me 'nvention 



The oresent invention relates to an optical fiber 'cr transmitting infrared light with 'ow ioss. 
The present invention also relates to an »nfrared-ray optical fiber with nigh mechanical stabnty arc cw 
transmission loss. 

Background of the invention 

Carbon dioxide laser light has been used tor various purposes in the fields of industrial processing and 
medicine becaues it can generate high power. 

?5 The CO2 laser light has been lad to an object through a combination of mirrors or the like m zrcer :d 
prevent the rignt power from being attenuated. However, revoiute mirrors are inconvenient to nanoie ana 
difficult to use. The desire has increased to use a flexible optical fiber as a transmission line of the C0 2 
laser. However, optical fibers such as silica glass fibers can not be used for transmitting the carbon cioxide 
; aser light, because the wavelength of the light has a large value of 10.6 micrometers. 

20 Recently, optical fibers for transmitting infrared light with low loss have been developed. Such infrared 
light fibers are roughly classified into the two groups of crystal fibers and glass fibers. The group of crystal 
fibers inludes those made of thallium halides (for example TIBr, Til, TICI, and mixed crystals (hereof). !hcse 
made of alkali halides (for example, Csl. CsBr, KBr, etc.), and those made of silver halides (for example. 
AgBr, Agl, AgCl. and mixed crystals thereof). The group of glass fibers includes those made of :naj- 

25 cogenide glass mainly containing Ge*S, Ge*Se. As-S. As-Se or the like. 

Silica glass fibers for visible light or near infrared light have the property of low loss and are easy :o 
manufacture and convenient to prepare long size. However, the above infrared-ray optical fibers caoaoie or 
trasmitting COa laser light disadvantageously have a high absorption property and, compared with the smca 
glass fibers, are difficult to manufacture in small diameter and long length, 

jo 3ecause CO2 laser light is used for its light power and because it is unnecessary in many cases to 
transmit the light power over a long distance, flexible infrared-ray optical fibers may be useful even if they 
are short in length. Even if the fibers are about one meter in length, the optical fibers are useful. 

The carbon dioxide laser light is stronger in light power compared with other laser light and oscillates 
continuously. Accordingly, the absolute quantity of power traveling through the fiber is very large. 

35 Accordingly, a problem exists in that the fiber is intensively heated and is injured if even a little absorption 
occurs at the fiber. 

In the case of a silica optical fiber or the like for guiding visible light or near infrared light, the optical 
fiber generally has a double structure of a high refractive core and a low refractive cladding formed around 
the core. 

40 If the difference in refractive index between the clad and the core is very large, many modes of tight are 
undesirably propagated. The advantage of the silica glass fibers exists in that the condition of propagation 
is not disturbed by external cc-ditkrns because of the presence of the cladding. In the case of infrared-ray 
optical fiber, it is difficult to or n a proper cladding material corresonding to a core material. 

Although it has been de oed above that crystal fibers made of thallium halide, alkali halide or silver 

45 halide have been developed as infrared-ray optical fibers, most of those crystal fibers have a single 
structure of a core formed of such a material. In other words, most of those crystal fibers have no cladding 
but only air functioning as a cladding. 

fig. t shows such a fiber having nothing but a core 1. Because it is considered that air forms a 
cladding, such a structure is often called 'air clad structure". That is. the air forms a cladding with a 

50 refractive index of 1. 

tn this drawing, the silver bromide core 1 (refractive index: 2.2) is surrounded by air (refractive index: 
Because the air efficiently transmits infrared light and is low in refractiv index, the air functions as a 
cladding. 

As shown in Rg. 2. an infrared material lower in refractive index than the core material has alternatively 
been used as a cladding 2. 

2 
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'n this -axamcie. r .re :cra i s mace silver orom-ce AgBr). : (3 .-erracfcve rdex $22 ••• sscac: *: 
:arbon diox:de aser »gnt. Tr *e c'aacmg 2 »s maae of silver cr*ioncse (AgCI). its -erraciive ncex s ' ?3 • 
-espect to :*e same ignt. term *'3frac;: i /e ndex' jsed n ris sescrption means a •*rr.ac: , ,e ~03< - - 
respect to :he wavelength of :aroon cicxice aser : 'ght. rearer more, as shown n P : g. 3. a r?Sir i -35 C2*?~ 

i ^sad as a ;:acoing tc :oat :ne cor* for guiding infrared .ght. in this exarroie. :re :ore i s made si ■ rf 
crcmide iAgBr. '3fract;v9 hdex: 22). and tfe cadding -asm >s made or ooiyethyene ire'rac^e rz** 
\ 32). Its :efrac::ve .ndex js 2.2 with respect to carton dioxide =aser irgnt. c.^ererr ocmt - .3 2 < 
:rat ccfyethyiene (a resin) ices not sufficiently transmit nfrared -ignt. That is. coiyemy.ene s a m :^r- t 
insoromg material. Cther resins have also been used to be substituted for coiyethy:ene 

•0 However, serious problems occur when the above-described optical titers are osed to transmit "icr 
power carbon jioxide ? aser 'ight. The fiber having an air clao structure as snown n ~'g. ' :r -avrg 1 
ocubie structure of an AgBr core 1 and an AgCI cladding 2 as shown in Fig. I ras sucn 3 defec: as .'c.vo-vs 
When this titer is not in contact with any support, this fiber can transmit reiativiy .ngn power .gm. rowe-/*' 
/vhen the fiber 's supported by a certain support, the auantity of power wnich can oe transmitted -s ;'ea:!v 

»5 reduced, if higher power >s transmitted, the fiber is neated at ihe portion contacting with ihe succor arc s 
•nstantly fused. 

8ecause the fiber should be always supported in practical use, the fiber is always >n contact -virr. a 
certain support. Accordingly, the fiber cannot trasmit high power light in order to avoid fusing ar the ccrrac: 
portion. 

:o With respect to the fiber having a double structure of an AgBr core t and a polyethylene cladding -t as 
shown in Fig. 3. the polyethylene cladding 4 is rapidly heated by laser light so as to be meited. Then, re 
fiber core is meited so that the fiber is fused. 

Accordingly, the fiber can transmit only very low power light even if the fiber is not m contact witrv:re 

support. 

?s The cause of such problems can be estimated from the consideration of the optical fiber wttn respect to 

the distribution of electromagnetic field in the mode of a propagating light wave. 

One mode of light within the optical fiber is the light mode that progapates owing to the total reriec:?cn 

at the interface between the core and the cladding within the fiber as shown in Fig. 4. if :ne argie ? 

between the tight wave and the interface is not larger than the critical angle, tight is totally reflected. 
jo Although no electromagnetic field can exist in the cladding region in the view of geometrical erotics, x 

can exist therein when wave optics are taken into account. Even in the case where light is totally -efiectec 

an electromagnetic field is practically tailing into the clad portion as shown in Fig. 5. The tailing m :se:f 

does not cause energy loss. The mode of light guided in the core with the tailing is called a guided mode. 
Otherwise, when light rays within the core is scattered by a certain factor of light scattering as shown n 
35 F.g. 6. light components having various propagating direcitons B are produced. Because the oropagatirg 

direction 0 of a part of light exceeds the critical angle, the light is not totally refected but partially passes 

through the core/cladding interface toward the cladding. This condition is shown in Fig. 7. 

The mode of light passing toward the cladding is called a radiation mode. Because at least one pea* 

exists at the cladding, power is moved to the cladding whereafter the power escapes from the core. 
40 As described above, there exist an electromagnetic field tailing into the cladding region (in the guioeo 

mode) and an electromagnetic wave propagating to the cladding region deviating from the condition of :ne 

totai reflection (in the radiation mode). 

In the case of the air clad structure of Fig. 1 . the electromagnetic field and the electromagnetic wave 

are absorbed by a certain support having large light absorbency to thereby produce heat Thus (he fiber >s 
45 soon fused. 

In the case of the polyethylene clad structure of Fig. 3, the electromagnetic field is absorbed by :re 
polyethylene layer having large light absorbency and is converted into heat energy to thereby cause 
heating and fusing of the fiber. 

in the case of the AgBr core and the AgCI cladding of Fig. 2. the tailing of the electromagnetic neld into 
50 the AgCI clad may be disregarded. However, there exists an electromagnetic field tailing to the surface of 
the AgCI cladding. Furthermore, an electromagnetic wave escapes from the surface of me cladding 
(radiation mode). These are absorbed by a support member being in contact with the surface of r.he 
cladding and are converted into heat energy to thereby produce heat Thus, the fiber is fused. 

It is understood from th atoov d scription that th three kinds of infrared optical fib rs having different 
55 cladding strucutres as shown in Rgs. 1 to 3 are not satisfactory for transmitting strong carbon diox.de laser 
light 

in the above-deschbed investigation, it is ess ntial that optical fibers for transmitting hign-power carbon 
dioxide laser light have a structure of compl tely cutting off the "leakage" of an electromagnetic field from 
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(he surface of the fib&r. 

The optical fibers with no redding s disadvantageous -n that the condition of ight ^ansr.ssion 3 ic: :; 
be influenced by surface conations of :ne 'ibers because :ne core of the fibers are Erectly **ccseo 

in order to eliminate me dtsaavamage of a f9S»n coated air-ctaa fiber, it nas oeen proposea rat :r= 
5 nfrared optical fibers are ccated with a metal 'i'm to :hereoy protect :ne optical fibers and crsv.^t :re 
leakage or scattering of infrared :ignt our of the surface. 

For sxamoie. such an infrared optical fiber coated .vith a metal film has been proposed «n jacarese 
Patent Unexamined Publication No. 132301/56 (laid open Octooer, 26. 1981). The proposal .s that :*e j„:e: 
surface of the ootical fiber core >s ccated with gold by vacuum vapor deposition. 8ecause gold ^av -g a 
to nigh reflectivity for infrared light is deposited by evaporation, infrared light is reflected by geld so (hat : ran 
not leak out. 

it is. however, difficult for gold to be uniformly deposited on the outer surface of a small-diameter : oer 
by evaporation. Accordingly, the fiber cannot be coated with gold to a sufficient thickness n yzer \o *.ct 
wastefully consume much gold. It : s considered that the thickness is limited to the order of ; -:m i 
;s micrometer to 10 micrometers and that the thickness »n many cases is afcout 1 micrometer, "here ax^sts a 
disadvantage that it is impossible to completely reflect strong COa laser light to thereby enclose t :n.n 
the fiber because of the insufficient thickness. 

it is considered that a gold outer layer having a thickness of about 10 micrometers increases .nfrared 
light containment. 

zo If the thickness of gold is increased to eliminate the disadvantage, much gold is required so that the 
Tiber becomes expensive. Furthermore, because part of the fight is not reflected by gold and is absorbed oy 
the gold, the gold layer is greatly heated. Accordingly, the fiber cannot transmit strong light. Such a gold 
film as this should not be called as a cladding. The term '•cladding" should be used for material, similar to 
the core, through which light can be well transmitted and which material does not absorb the light 

25 A method of forming a metal refelcting layer on the outer surface of an infrared-ray optical liber mace 
of glass has been proposed in Japanese Patent Unexamined Publication No.i34U/57 (laid open January 
23. 1982). Examples of the material of the glass used in the method include fluoride glass, chaicoqence 
glass, and glass containing elements such as Se, Te, and the like. These kind of materials shoud ce 
formed as a glass without crystallization. It is therefore necessary to cool a melt rapidly. 

jo The proposed method comprises the steps of sucking a melt into a small-diameter metal pipe, 'fining 
the pipe with the melt, and rapidly cooling the melt in liquid nitrogen. The inner wall of the smail-oiameter 
metal, pipe is beforehand coated with gold by evaporation to thereby make the reflectivity of the metal pipe 
for light higher than that of the original metal pipe 

Thus, the material is solidified as a glass in the metal pipe to be formed into a glass fiber. 

35 The proposed method is not applicable to any fiber except a glass fiber. Furthermore, the proposed 
method has a disadvantage that fiber manufactured by the method lacks flexibility because the melt »s 
sucked in a rigid metal pipe. The metai pipe used in an example described in the proposal has an external 
diameter of 1 mm and an internal diameter of 0.4 mm. The metal layer assumes a large thickness of 300 
micrometers. Accordingly it is considered that absorption by the metal layer becomes very large. 

40 

SUMMARY OF TH6 INVENTION 

An object of the present invention is to provide an optical fib* which can completely enclose ight 
45 within a core with no leakage of electromagnetic field out of the surface of the optic! fiber. 

A second object of the invention is to provide- an infrared-ray optlcaJ fiber which is not fused at a portion 
of the optical fiber contacting with a member for supporting the optical fiber even if high power caroon 
dioxide laser light is pas$9d through the optical fiber. 

An other object of the present invention is to provide an infrared-ray optical liber having an alternately 
50 laminated multi-layer clad, which is sufficiently strong against external mechanical force so that the fiber :s 
not injured by friction and so that the infrared-light containment effect of the muiti-layer clad is not spoiled. 

it is a further object of the present invention to provide an infrared-ray optical fiber Provided with an 
alternately laminated multi-layer film cladding in which the optical fiber has a structure to eliminate the 
leakage of light power out of the circumference of the optical fiber. 
55 it is yet a further object of the present invention to provide an infrared-ray optical fiber provided «tfh an 
alternately laminated multi-layer film dad, in which the optical fiber has a structure that makes it possible to 
transmit increased light power. ^ ^ 

it is still a further object of the present invention is to provid an infrared-ray fiber provided «tfi an 
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alternately animated muiti-ayer f: :m ^-aa .n /vnicn re optical ::cer *as a str-c:-'? ?c "it :r :i rr 
can ce erecnveiy prevented -cm :amg :amaged at terminal > ; :<.Tg :cncns. 

Trg .nvenuon can ce summarized as a frgh ocwer reared :ofccat :i cer - - vr: cr -5 : t-:c'7 
ammate structure or alternating avers or materials of Afferent refractive rc:ces Tre racrrg :ar 
5 oniy on (he anas :r the cladding m the middle portion can be composed J* 'ewer a>=rs A ~e:a. i.?' : r 
oe aopned to :he ciadamg. A 'asm -ayer can ce applied :o the cacdmg cr :r>e metal aver 



BRIEF DESCRIPTION OF THE DRAWINGS 

*o 

F»g. 1 ;S a cerspective view shewing an example of conventional infrared r, cer -av^g *c ::ac-J«"; y - 
other words having an air cladding). 

Fig. Z is a perspective view of a conventional infrared <ifcer in /vnicn an AgC! : add:rg 5 crc-^cac 
AgBr cere. 

?5 Fig. 3 is a cerspective view of a conventional infrared fiber m *h<ch a pctyetrv/iere c.acoirg .5 z- :■• 
on an AgBr core. 

Fig. ^ is a view m geometrical ootics. showing the path of lignt totally reflected ;r. a core'cacc^: 
interface. 

Fig. 5 is a view showing that an electric Wed component tailing into the ciad exists even n the ;u.:ea 
20 mode. 

Fig. 6 is a view for explaining that the condition of total reflection :s often removed ay :ispers»on .v (r>.r. 
■ the core. 

Fig. 7 is a graph view showing the electric field intensity of light in the radiation mode. 
Fig. 8 is a sectional view of an optical fiber having an alternately : ammated muiti-'ayer ;Um N= •: 
25 according to the present invention. 

Fig. 9 is a sectional view of the optical fiber having an alternately laminated multi-layer film according 
th present invention. 

Fig. 10 is a perspective view of an optical fiber m which the alternately laminated multilayer : :':r- 5 
provided only at the incident or exit end portions. 
30 Fig. 1 1 is a view for explaining the path of light rays in the alternately laminated muiti-iayer rifm. 

Fig. 12 is a view for explaining the coordinates and parameters with respect to the alternately amine- ec 
muiti-iayer film. 

Fig. t3 is a graph view for expiainig the number of waves of light attenuated m the alternately iammatec 
multilayer film and the thickness of the multi-layer film. 
35 Fig. Ufa) is a view for explaining mono-layer reflection, and Fig. 14(b) is a view for explaining :rree- 
layer reflection. 

Fig. 15 is a graph view for explaining a preferable range of thickness in the alternately laminated muiti- 
iayer film. The axis of abscissas shows the thickness A (micrometer) of film I (n a . PbF 2 ), and the axis cf 
ordinates shows the thickness 6 (micrometer) of film II (n 5( Ge). The parameter is an oolique angle $ t . 
jo doubly hatched portion i shows an optimum area. 

Fig. 18 is a cross section showing the fiber provided with the alternately laminated muiti-iayer : :im 
(N»-1). according to the present invention. 

Fig. 17 is a cross section showing the fiber provided with the alternately laminated multi-layer : -rr 
according to the present invention. 
45 Fig. 18 is a perspective view of an optical fiber in which the alternately laminated muiti-iayer nim 3 
provided only at the incident or exit end portions. 

Fig 19 is a diagram for explaining a preferable region of the thickness of the altrenately laminated muti- 
ny* film, in which the abscissa and the ordinate represent the film thickness a (micrometer) of the Mm 1 
(n„ PbF 2 ) and the film thickness b (micrometer) of the film II (n„, AgBr), a parameter being an oblique ang:e 
50 in the film I, the reference symboU designating a preferable region. 

Fig. 20 is a graph showing the result of measurement of the amount of light leaking from a side of me 
core in the case where the optical fiber core transmits carbon dioxide laser light from one end thereof. 

Fig. 21 is a sectional view showing the structure of the optical fiber according to the present invention. 

Fig. 22 is a graph showing the result of measurement of the amount of light leaking over the whole 
55 length with respect to the optical fiber (B) of the invention, the optical fiber (B'1 after the repetition of 
bending of 1 0.000. times, the comparative opticaJ fiber (A) having only a core, and the comparative concai 
fiber (A') after th repetition of bending of 1 0.000 times. 

Fig. 23 is a tongitudiant sectional front view of the optical fiber according to the present invention 



5 
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Fig. 24 is a iontytudira! sectional side view of the same. 
Fig. 25 ="s a cross section sncwmg the optical fibe' acccroirg to :he oresent wvettcn. 
Fig. 26 >s a longitudinal sic!e view «n section shc^ng f .he same optical f iber according :o :'?=5<~? 
nvention. 

5 Fig. 27 s a graph showing a radial distribution of :he density of ignt power in :he cress secnen -a 
optical fiber according to the present invention. 

Fig. 28 : s a cross section showing the optical fiber according to the cesent invention, n .vivcr. ;. h e **3in 
ayer is provided. 

Fig. 29 is a perspective view showing only the arrangment of '.he end portion for measur^g re 
jo temperature rise of the terminal fixing portion "hen a COj laser beam s passed therethrough. 

Fig. 30 is a graph showing a raaial distribution of the density of light power in rre cress sec::on :f ir. 
optical fiber provided with only the alternately laminated multi-layer film dad. 



rs DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The infrared optical fiber according to one aspect of the present invention is characterized n that te 
fiber has a cladding formed by alternately repeatedly coating lead fluoride (PbF 2 ) and silver bromide y*g8r) 
or silver chloride (AgCI) or germanium (Ge). Any material may be used to form the core as 'ong as >t :an 

20 transmit infrared light. 

Lead fluoride has a low refractive index, and AgBr or AgCI has a high refractive index. The numoer N ot 
repetitions of the coating layers of lead fluoride and AgBr (or Agcl) may be selected suitably as long as rt is 
not smaller than t. The repetition number N of the coating layers of lead fluoride and germanium may be 
arbitrarily determined as long as the nubmer N is not smaller than t. 

2% Fig. 8 shows a longitudinal sectional view of the optical fiber according to the present invention. The 
case of N « i is shown. That is. there is shown a simplest embodiment formed by coating with a single 
layer of PbF 2 and a single layer of Qe. It is desirable, however, to repeatedly coat this optical I; ber *itn 
PbF2/Ag8r. An optical fiber core 1 madt of a material capable of efficiently transmitting infrared light s 
disposed at the center of the fiber. As described above, the material of the core t may be selected suitaoiy 

io from a thallium haiide crystal, an alkali halide crystal, and a silver halide crystal, or may be a chalcogemce 
glass. 

The circumference of the core i is coated with a lead fluoride (PbF 2 ) layer 2 and the layer 2 :s further 
coated with a germanium (Ge) layer 3. Infrared light is enclosed in me optical fiber core \ by means of the 
PbF? and Ge layers 2 and 3 acting as a cladding. Although this embodiment shows the case where eacn cf 
J5 PbFi and Ge form a single layer, these materials may more effectively form multiple layers. 

Fig. 9 shows another embodiment in which the repetition ot PbFj and Ge is increased in number. The 
film formed by the repetition of PbFi and Ge layers is called an alternately laminated multi-layer film here. 
One layer of PbFj is called a PbF 2 layer. One layer of Ge is called a Ge layer. A double layer composed of 
a PbF; layer and a Ge layer <s called a unit alternating layer. 
40 It is most effective that the whole surface of the optical fiber is coated wtih the alternately laminated 
multi-layer film. However, the coating of the whole surface is difficult and expensive. 

in the case where a low-cost optical fiber structure is required, the coating with the alternately laminated 
multi-layer film may be provided only in the vicinity of each of the incident and exit end portions of the 
optical fiber. Such a case is shown in Rg. 10. When carbon dioxide laser light is passed through the optical 
49 fiber, the leakage of light at the incident and exit end portion becomes a maximum. To prevent the leakag 
of light, the alternately laminated multi-layer film according to the present invention is provided to coat (he 
incident and exit end portions. 

In this drawing, the fiber core is made of AgBr with a diameter of 700 micrometers. A PbF 2 /Ge multi- 
layer film composed ot 10 PbFj layers and 10 Ge layers. 20 layers in total, is provided over a 5 cm length 
so from each of the incident and exit ends. The film thickness of each layer is 1 micrometer. The *ho»e 
thickness of the multi-layer film is therefore 20 micrometers. 

The light containment effect by means of such a multi-layer cladding structure as described above will 
be explained hereunder on the basis of an electromagnetic field theory. 

Fig. 11 shows a structure of the alternately laminated multi-layer film formed by the alternate lamination 
ss of two kinds of thin layers different in refractive ind x. 

Assume now that light is transmitted at an angle k .from the left hand medium having a refractive index 
no. Th incident light is reflected and refracted successively on the respective boundaries between adjacent 
layers. The place where th incident light is to go and th resulting ampiitud of the ligh are determined by 

3 



EP 0 426 203 A2 



iver'apping of 3(1 ;re 'gr.t ::mccnen:s as the result zi -ef'ecnon mc -enaction 

in re -rawing, t.s 3:terna?eiy ammatec mij.ti-'ayer fiim s 'cr^ed oy -soetition :f a v;^ :r --f? ;■ 
a u\m ' n avmg a thickness 2 and a 'erractr/e rcex ana a "\m M rav.rg a rr.cx-ess c »r- 5 
naex 'V loyally, rgnt 2xtsts"«n :he 'eft arc area. >is area .s a ccrucn .vr : ,:n :cr.'9$ccnds :o re j:-^ :■ -■? 
i :otrcal 'iber and *hich :s :aiied "a staring end" or "a starting end person " Let n : ce r.e re"3c::ve ;* 
•he starting end portion. 

" w ere':S ~o carticuiar 'inut n re relation -n value among n 0< n 4 and n 3 . T '~e »»grs * r ";.-! jc.sr-j 
;c«iaLeiy ;r cm r-e starting 3rd ponton successively to :ne him 1. -.he '>:m 11. r,e Vm t :!*3 '- ! m- 1 : 
part atiy -9r!ec:9d at each oounaary and the remamcer is reiracted to advance :o tre ~e:<t ::, n? "-._s 
reflected -ight is generated at each oounaary. 

Lgr.t rays wiil be now designated ;n accordance wuh the angie formed cetween :re ignt ana 
ooundary. Let *o be the oblique angle at the starting end portion, let * a and 3 b ce :he :cncte arg'es at 
film j and the film II respectively. 9ecause the boundaries are planes carailei to each :rer re 
angies 9* and 9 b at the film I and the film II are always kept constant without cemg .r.rJuencsc :v -e 
?5 -eoetition of refraction and reflection. 

The light having been reflected on a boundary is returned toward the starting end oortion cut s ztr i-.-,- 
-eHected again by another boundary. Reflection is repeated as described above. Accordingly. : •$ ::ce$ 
always follow that Hgnt is returned to the starting end portion by the alternately laminated muiti-aver : ~ 
Although 'ight can be really enclosed in the starting end portion (core) by the alternately ^ammated mu> 
20 tayer film, the effect of containment cannot be explained with geometrical ootics. The effect -anno: re 
explained without resort to wave optics. 

This is a different point from the light containment effect by the conventional simple corecadcrg 
structure using a difference in refractive mdex. The light containment m the conventional fiber .s easi-v 
understood by geometrical optics because it uses the fact that rays being at an oblique angie smaiier ran 
25 the total refaction angle are totally reflected on the boundary. 



light Containment owing to the Alternately laminated Multilayer Film 

iQ One paper dealing with the propagation of light in such an alternately laminated muiti-'ayer ; i!m s 3 
Yen. A. Yariv & C ■ S. Hong "Electromagnetic propagation in periodic stratified media. I. General theory ' , 
Optic. Soc. Am. vol. 67. No. 4, (1977). p. 423. 

An alternately laminated multi-layer film is explained on the basis of Fig. 12. lat the x-axis ce rre 3.0s 
of the 3bscissa. Films I having a refractive index n, and films IJ having a refractive «ndex n b are alter-a-siv 
)5 arranged so as to e perpendicular to the x-axis. 
Now. parameters are used as follows. 

Films I: 

Refractive Index % n a 

Thickness a 
js Wave Number Jc 

Films II: 

Refractive Index nb 

50 

Thickness b 
Wave Number 3 
55 Period L is a + b. 



In the films I, there exist an advancing wave 
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5 and a retreating wave 



to 



is 



(2) 



in the films II. there exist an advancing wave a ,mx and a retreating .vave e ,m *. The .vave n ihe z-c:'$c::i* 
can be represented by 0. 



where 3 is a phase constant in the z-direction. 

Assume that the y-axis is taken in a direction perpendicular to the surface of the paper of Fig, ^3 and 
20 that the alternately laminated multi-layer film is indefinitely extended in the z- and y-axes. Although ignt 
really advances both in the x-direction and in the z-directton, the two modes. TE mode and TM mode, are 
distinguished according to the x-direction. The TE mode means a mode in which the directions of electric 
fields E and F in the respective types of films are perpendicular to the x-direction. 

On the other hand, the electric fields E and F and the differentials dE/dx and iF/dx of the electric fields 
25 in the x-direction are continuous at the boundary. 

The above-described paper mainly treats of the propagation of light in the x-direction. 

The purpose of the present invention is to prevent the propagation of light in the x-direction to rhereoy 
improve the efficiency with respect to the propagation of light in the z-direction. 

Although the purpose is different, the propagation in the x-dlrection is now considered according to :re 
30 paper because propagation and non-propagation can be described by the same mathematical means. 

The n-th film I and the n-th film II exist from x * (n-i)L to x * nL The (n-nth film I is in contact win 
the n-th film II and the x-coordinate of the contact point is x a (n-l)L The x-coordinate of the contact coint 
between the n-th film II and the n-th film I is x » (n-i)L * b. 

The electric field 6(x, z) in th n-th film I is descnbed by the equation 

33 

E(x, z) - (a n «ik(x-nL) + b n e-i* (x-nl) j € Ltz (4 , 

40 where a* represents the amplitude of the advancing wave, and b* represents the amplitude of the retreating 
wave. Although the factor (x-nl) is represented in the term e ,10MU , it is a notationai convenience which 
removes the factor •** from the amplitudes a* and b„. Accordingly, the equation is general. 
The electric field F,(x. z) in the n-th film II is described by the equation 

4S 

F a (x, x) ■ [c ft ein(x-nL) + d n e- lm <x-nL) ] eisz (5) 

where c« represents the amplitude of the progressive wave, and d„ represents the amplitude of the 
so regressive wave. 

Because E*F and dE/dx * aF/dx at the boundary x ■ (n-1), between the (n-i)th film I and the n-th film 
II. the following equations should hold. 



53 



i n -i ♦ b n -i » Cne-i« L ♦ d n ei» L (6) 
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*n :ha aauatscrs. m ^presents :re wave number if a surtx s accsd :c < l zf nsc'r nation * - s 
ceccmes ccmcticated. ^ccsrcingly, a different erter 'm" s :erccraiiy" .sees 35 3 >y rr- cc» ( - 
.vaves are Remittee in Fg. ?2. 

3ec3use a F., 3rd i6* *x * qF* ax at :re courcary < = -p-ml - 0 :ei.veen 'he ' ■" 
s :re n-th f iim -.he following equations ancuia ncia. 



ikfane"-^- b n e ika ) s in.(c n e- i: ™ - d n e i: ^ (9) 
The equations (6) and (7) can be expressed m matrix representation as rciicws. 



20 



fl ^ 








/ e -imL e^ mL N 






,1 -1, 






3 






(10) 



Equations (8) and (9) can be expressed in matrix representation as follows. 



^5 



JO 



35 



40 



e -ika e i( < a 



[k/m e-i^ a -k/m e ika / 



(11) 



The following matrix defining the relation between (a„. tl b«. ( ) and (a„. D^) can oe found Ucn :*ese 
natnces. 



( «n-l 1 



/ A 



V C 



B \ 



D I 



( a n \ 



V b n 1 



(12) 



50 



\ « «-ika( C0S m0 - i/2(m/k ♦ k/m) sin mb) (13) 

B » i/2 (m/k - k/m) sin mb (14) 

C « +i/2(m/k - k/m) sin mb (IS) 

0 « ,ika (cos mb + i/2 (m/k + k/m) sin mb) (16) 



ss it is apparent from the results that trie following equations should hold. 



9 
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A * D 
B * C 

in the equations, Creoresents a complex conjugate for C. 
L3t the matrix (12) be simplified as follows. 



/ A 8 



H * 



[c D j 



(17) 
(13) 



* 3 \ 



The norm of the matrix is 1. 



20 



AD - BC » I 



(20) 



However, H is not a unitary matrix as well as is not a Hermite matrix. 

Generally, a complex conjugate matrix with respect to transposition of a matnx is called a Hermne 
25 conjugate. Let it be expressed by an asterisk. 

let M be a matrix. Let to be trie transposition of a matrix. A Hermite conjugate an be defined as roilows. 



M* * t(M) 



(21) 



A unitar/ matrix U can be defined as a matrix having the following relation. 
Uir = 1 

In other words, a matrix in which the reciprocal matrix U*' is a Hermite conjugate is called "unitary" 



40 



u-i - 0* 

The norm of the unitary matrix is 1. 
lUl • 1 



(22) 



(23) 



The eigenvalue x has a characteristic that the absolute value thereof is i . 

The matrix H determining the wave relation between adjacent layers in the multi-layer film has a 
characteristic of |H|* i. but the matrix is not unitary. 

The eigenvalue x of the matrix H wilt be now found. Let w be the eigenvector. 



50 



(24) 



o find , the following equation will be solved. 

55 
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: A- . 3 



I C D-\ I 
Sscause or ;hi = i. ;he following equation :an oe ootamed. 

A 2 - (A + D) A + 1 * 0 



(26) 



The solution m the case where (A + 0) 2 is >arger man 4-»s different from me solution in :ase 
?5 :A * D) 2 •$ smaller than 4. 

!n any case, me solution can be described as follows. 



?0 



* » (A ♦ D ± /(A + D) 2 - 4) / 2 



(27] 



in the case of (A «■ O) 2 < 4. the absolute value of the solution x is t. that is. jx| s i. This means 
propagation In the x-direction is without attenuation. This shows oscillatory solutions. 

In the case of (A ♦ O) 2 > 4, the two solutions are reaJ numbers. Let \» and x 2 be the solutions. fen 
>s the product of \i and x 2 is i. There two solutions are an attenuation solution and a divergent solution. 

The target of the present invention is the later solution. 



30 



Propagating Mode in the x-direction 

In the case of (A ♦ O) 2 < 4, there are two solutions for |X| = t. These are oscillatory 30iut:crs 
Because \ represents one period of vibration, it can be represented by the equation. 



\ » exp ( xKL) 



(28) 



where K is a reaJ number. KL gives a phase change at one period L Accordingly, it may be said that K s 
the number of waves of the propagating light in the x-direction. K is different from k or rn. 



con (KL) • (A ♦ D) / 2 

is The eigenfunction w will be found by the following equation. 



50 
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' B 




A-D 1 






a 










i C t 



The matrix has not been normalized but can be easily normalized. 



(29) 



(30) 
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a n-l ' 








^ b n-l ) 


1 *n ' 



(31) 



Accordingly. ;re following aquation should hold. 



>0 



'5 



< a 0 ' 




an ' 








I b 0 J 




^ b n / 



(32) 



Where ao and bo are components of the eigenvector at the starting end of the alternately . : ammat: 
multi-layer film. 



20 



25 



bn> 



(33) 



Light enters into the multi-layer film from the starting end. 

If the initial vector is designated to satisfy the equation (33). then the following is obtained. 



30 



JS 



jo 



( a 0 
b 0 

b 0< 



(34) 



•exp (iKnL) 



lb n 



(35) 



The sum of the probability of the existence of the advancing wave and the retreating wave in the v'Ji 
49 film l is expressed as follows. 



I*nl 2 ♦ !b n ;2 



(36) 



50 



55 



From the equation (35), this value is always equal to the following value. 



(37) 



This means that th light can pass through the alternately laminated multi-layer film without attenuation, 
it is said that th mode of light is a propagating mode with respect to th x-axis. 
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• However, cecause the present nvention treats ;ne crcoagation n ;re z-drecticn. :r.a ".'TCicar:-:^ 
<-direction s aauivaiert :o 'he tjiscersion of energy n **e z-oirection. r,-, at -5. :he mcce :r 
-aeration mode '9soec: to :he >*a*!s. 



Attenuation Moce 'n che x-airection 

Ire acove-descrcea oaoer treats :he orooagation n -re <*direcaon. However, tre present "ver 
.*?ouires 'he cordtion that 'ignt is not dispersed -n ;ne <-airection. Accorcmg:y. :ne pc«nt :i />ew sre-.a :e 
•'0 :rangea to the attenuation mode m the x-directicn. r he attenuation mode will ce p ow ccrstaerea icar -*zr 
tne aoove*descnbed appear. 

The case where the eigenvalue k >s a real number is considered. Let i and j oe r*o r;cts -nen \ • ^ : 

2 1. 



'5 



20 



25 



(A + D) / 2 > 1 (38) 
(A + D) / 2 < -1 (3?) 

From the eauations (13) and 06), (A * 0) / 2 can be described as follows. 

(A + D) / 2 ■ ReA 
* cos Ka cos mb - l/2(m/k * k/m) sin mb sin ka (40) 



For simplifying the equation, X. Y and 7 are defined as follows. 

30 

X ■ ka (41) 
Y * mb (42) 
35 Y * 1/2 (m/k + k/m) (43) 

Each of m and k is a positive number representing a refractive index, and y is a positive number larger than 
t. if m isequafto k. 7 * t. Asm becomes different far from k. y increases more. In short, y >s a scale or 
*j the refractive index? 



Let (A+DJ/2 be replaced by S. Then, 
« S « (A+D)/2 » cos X cos Y • Y sin X sin Y (44) 

The equation (44) is rewritten as follows. 
S • cos (X+Y) - sin X sin Y (45) 

so 

From the definitions. X and Y are both positive. From (45), S is not smaller than -l and is not 'arger 
than i in the extreme when y * 1 (m ■ k). It is because s is cos (X ♦ Y). 

However, at y > t. there is a possibility that S may satisfy one of the inequalities (38) and 09). 
55 However. S is not larger than 1 as long as each of X and Y is within a range from 0 to * This s 
becaus the second term in th left side of the equation (45) is negativ . In short, there is no poss.on.ty trat 
the inequality (39) is valid, that is. S > I . 

However, S < -l may be valid. 
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to 



'5 



20 



20 



35 



*0 



As y oecomes arger than i. the range of -he ccorcirates iX. O satisfying S < -i s rrore .-r.t^^o "**■? 
*ange of the coordinates (X, Y} satisfying s = -t as a boundary is -^cw considered. 
This situation should hold -n *he extreme -vhen -he value of X • V aooroacnes t 



H X - tt/2 



(46; 



? - * - «/2 (47) 

Sucn a :ransformation is made. This merely expresses the coordinate transformation mat the ong»n .-rcves 
parallel to the point ( t/2. t/2) in an X • Y coordinate system. 
*t S = -i. the equation (45) is substituted as follows. 



-1 « -cos ( n + c ) - ( Y - l) cos n cos C (48) 
T his can be rewritten as follows. 

sin2[( nf ; )/2] * [( Y- l)/2] (4 9) 

25 in the following, a q • p coordinate system transformed by clockwise rotation of the n - f coordinate 
system by 45* is now considered. The coordinate transformation is shown in Fig. 14. 



P - ( n + c )//! (so 
q ■ ( n* C)//f (51) 

Because the equation (52) should hold. equation(53) should hold. 

cos n cos C - 1/2 [ (cos n - C ) + cos ( n + C ) J (52) 
sin2(p/^) . [(y - X) / 4J [cos(-T p)+cos(/I q) J (53) 



Because equation (53) expresses an even function with respect to p and q, it is apparent that this is 
symmetric with respect to both trhe p-axis and the q-axis. Furthermore, ifis apparent that p is zero for q = 
swrVZ. 

45 These points arm equivaJent to the points J and K of Fig. !4. The point J has the coordinates (0, t/ v 'Z) 
in the p - q coordinate system. In other words, the point J has the coordinates <*/2. - *'2) in the n • r 
coordinate system or has the coordinates (», 0) in the X • Y coordinate system. The point K has coordinates 
( 0. -*A/2) in the p - q coordinate system. In other words, the point K has the coordinates (-W2, */2) in the * 
• f coordinates system or hae the coordinates (0> ) in the X • Y coordinate system. 

so When q is within a range from -*/>/Zto w/y/T.p has two vaJues. The two values of p are equal in 
absolute value to each other and are respectively a positrve number and a negative number. 
From equation (53), the value of |p| increases as q approaches 0 from #/v2. 
Accordingly, it is apparent that the figure satisfying the equation (53) is shaped like a leaf KWJU as 
shown in Fig. 13. 

55 This is a figure which has the point Q (»/2, */2) as the center and which is symmetric with respect to 
both th p»axis and th q-aws. 

In the following, the comer angles at th points K and J are considered. Differentiation at the points K 
and J is expressed as follows. 



14 
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d P/dg * i /(v - i)/ (v ; i) 



(54a) 



"be ccrrers at :he ooims K arc- J ceccr~e sharp as y aporcacnes i ~~e ;crners caccme .'■ is ■ 
ceccrres arge. The aosoMe value of K z*\ -a -arger :han ! That is. :re armies :f *he ::rners :v > 
axis are '-.ct "arger man -*5' . Accordingly. :ne curves at the ocmt J and * -ever go out ;r re X-ax.s 
'•axis. 

As an equation expressing a 3aK<e ( ;gure. aquation .53) :s an e*ac: *ctac:on 

in :re ''oUowmg, ihe area of :ne : eaMke figure .s fcurd. As :he area cannot ce ^rd **3c:tv i. m 
aporoximation of p < < 1 .$ rr.aae based on an assumption rat ( Y ■ ; ) 5 smaH. T r-e *ci:aijcn s 
approximated as follows. 



.s P 2 /2 s (Y - 1)(1 - p2 * cos ,7 q)/4 



(54b) 



P » 17* -l)/(Y ; 1) cos q//2 (54c) 



20 The area E of the leaMike figure »s approximated as follows. 

f Vl 
I » j 4pdq 

25 o 



30 



8 /( Y- l)/( Y + 1) 



(54d) 



it is apparent from this result that the area of the leaf-tike figure increases as the sca»e of difference ~ 
refractive index, that is. ( 7 • U becomes larger. 

When the ieaHike figure nas a large area, the range satisfying S <-) becomes wide. Accordingly. =jcn 
35 a condition is suitable for light containment. 

It has been understood that the figure expressed by (53) is the leaf-like figure of Fig. 13. Accorcrg:./ 
the region satisfying S < *1 is equivalent to the inside of the leaf as shown by oblique lines. 

in the equatins (44) and (45). S is smaller than * 1 if X and Y are within the leaf-like figure. 

From (27), the eigenvalue v can be rewritten by using S as follows. 



S t /s2 - 



(55) 



As described above, x is the eigenvalue of the matrix H. H relates the n-th amplitudes a n and bo -:c w e 
(n-i)-th amplitudes a*i and b*i. 

When \ is selected to be larger in absolute value than 1. it is apparent from the equation (56) that a„ 
and b« are attenuated compared with ao and bo. 



50 



53 



/«0 



(56) 



This expresses the rigntward art nuation from 0 to n. The oth r root of x expresses the iettwa.-: 
attenuation from n to 0. Th leftward attenuation is mad in the saro manner as the rigntward attenuate 
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Such artenuauon cannot 09 explained in geometr»cal optics f ;he alternately ammated ^u-ti- 3 -^' -m s 
consid r9d »n geometrical optics, any <md of ;i g h t snouid ce :ransmirt3d. >'S nfererce -s :or-=c: - "e 
region of -1 S S S 1. 

The fact that 5 is not ; arger :han I has cen described. When S «s smaller ;han • ' -he sr^f-a: .;n 
s solution appears. What happens if S = -P This : s a question. c orm equation (55). \ s aimost r-s 
shows the -'act -hat the wave function is inverted oetween the n-th and the m-*Hh posttiors or r :r*r 
*ords the wave function is changed in the ^-direction w.in a percd Of 2L. Tn;s .$ rctNrg cji 3'agc, 
-affection. 

Generally. Bragg reflection appears when X rays are eradiated onto cry stats or the toe. As the i«.r ecv.cn 
'0 of reflection varies, such reflection is also caJled 8ragg diffraction. The theory >s :he same Because \?a 
grating constant of crystals is almost equaito the wavelength of X-rays. X-rays are used. 

Let L be the surface separation of crystalline pianes. Let 6 be the >nciination angie of the X-'ays : ^wrq 
on the crystal. Bragg relection occurs when the following aquation holds. 



40 



2 L sin 9 » A 



0 (57a) 



In this equation. \q is the wavelength of X rays. 
20 Incident X rays are diffracted on the (n-i)-th surface and further diffracted on the n-th surface. When 'he 

diffracted rays have an optical path difference of the rays intensify each other, '.a Ms case, me 

difference between the (n*t)th surface and the n-th surface «s \ 0 ' 2. The phase difference is *. This 

corresponds to the eigenvalue x 3 -i. 

In short. Bragg reflection occurs for S * -1 and attenuation in the alternately laminated muiti-iayer 4 :;m 
25 occurs as S become* small, so flat light can be enclosed in the x-direction. The present invention cleverly 

utilizes this fact 

The wavelength of carbon dioxide (aser light is 10.6 micrometers in a vacuum, it becomes shcrter n a 

medium having a refractive index larger than t. Carbon dioxide laser light can be enclosed by :he 

alternately laminated multi-layer film with a period as long as the wavelength. 
30 If the film is composed of one kind of material and scattering factors exist for each period L. the 

aquation (57) of Bragg reflection uniquely determines the angle e. However, this merely corresponds to :he 

point J or point K (X » * or Y * *). 

What is meant by the upper and lower branches which are extended between the points J and K and 

which respectively correspond to S » -i? 
35 Although the existence of the two branches could be known by wave optics, intuitive thinking of the 

meaning could assist the understanding of the phenomenon, it is to be thought that Bragg reflection shouid 

occur if the optical path difference between the waves reflected on the one-pehod different surface x = (n • 

DLxanL satisfies the equation 



50 



2n a a sin 8 a ♦ 2nfcb sin 8b • £ (57b) 

when* a represents the thickness of the film I. b represents the thickness of the film II, « a and 3 b represent 
respectively the oblique angles thereof, and t represents the wavelength of light. 

In Fig. 12, the equation (57b) merely expresses the coordinates (a, b) on the segment KJ corresponding 
to the Mowing equation. 

X ♦ Y - » (57c) 



Because different refractive films I and II exist the condition of S * -i is satisfied both above and 
below the segment KX 

What is meant by the upper and lower branches? Equation (57b) expresses that reflection on both .he 
ss surfaces differing by on period satisfies the Bragg condition. However, the Bragg condition can oe satisfied 
by other means using one film I or II. That is. the Bragg condition can be satisfied by mono-layer reflection. 
This corresponds to th upper branch of the leaf-like flgur . 

Furthermore, th Bragg condition may be satisfied by reflection on the boundary at a distance of three 
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avers sucn as a combination of :re v-rr I. me film n 3rd me h.m I. or 3 ccmoirancn :f :re ■ t -j • - 
ara :re 'Mm it. TNs ccrrespcrcs *o me 'ewer oranch of me eaf^xe ? »gure 3f r : S- '3. Sucn a '*r-jc: • 
remporarsMy cailec mree-iayer :er;ec::cn. 

However -t .3 not called Bragg reflection icn Kj) securing cn :wo sur'ace at a distance cf z~e c*' ; - 
5 Sucn a reflection <s cailed twc-iayer refection. This is 9ragg reflection :s easy :o -ndersranc :.ass.:a . 
However, mis s ouned cetween me mcno-ayer reflection of :ne curve KWJ :>ooer cranes* arc: me 
ayer 'ejection :f :ne curve KUJ ;'cwer brancm. Accordingly, sucn a condition rces not =coear ; :r 5 = 

Mcnc-ayer reflection and three-ayer 'ejection are respectively illustrated m .= : gs. ua and up 

T ne reason /vny fouMayer reflection ^2L; cces not occur s mat me fcur-iayer 'enecticn s canceec :, 
■1 me wave differing in pnase by in produced :rcm :he second layer. 

in the following, monolayer reflection =s axpiained. Why ;sn't it parallel co me v axis n me vicmitv :r 
ooint J (X sir Y a 0}? Why is >t a curve? it .s thought that all are sowed if the : 'cilow.ng 3ragg ;:r-c.::;.- 
o"d) holds for n a , a and 9 M . 

2n 3 a sia e a = t [*7d) 
This can be rewritten as follows. 

20 

X ' ff (57e) 

^5 Accordingly, this expresses a straight tine drawn perpendicularly to the X-axis from the coint J. 

When the film II has a finite thickness b. the necessary thickness a of me film i is reduced, Tne rate ;f 
reduction is slight but the thickness a is surely reduced. Why is it? 

Heretofore the direction angle 9 9 of rays has been assumed to be constant. However, me c;rec::r 
angle $ is indefinite if the different film II exists as a perturbation. Even if the sufficiently wide films I arc 'I 
30 nave direction angles a, and 9 b , me direction angle 9 \s indefinite when the thickness a and o s smaiiar 
than the wavelength. 

3ecause the films I and II are shorter than the wavelength I, me direction angle l t •$ ^cerir-te 
Accordingly, the direction angle 9 t should be determined m terms of probabilities. Such ndefinjteness 
always exists m a conjugate physical quantity. 
js When a very thin film II coexists with the film l (b is sufficiently small). * a of the equation ;57d) 
increases. Accordingly, the thickness a to satisfy the Bragg condition is reduced. This is the cause of me 
curve of the upper branch in the vicinity of the point J. 

in the following, three-layer reflection is explained. The operation in the vicinity of me point J s 
described. Reflection on the surfaces at a distance of three layers, that is, the films II. i and :i. s 
40 considered. The surface separation is a ♦ 2b but is almost equal to a if b s sufficient small. 
The Bragg condition is defined as follows. 

2n a a sin 9 a * An^b sin 9b ■ 1 (57d) 

45 

This can be rewritten with X and Y. as follows. 

X ♦ 2Y - ir (57e) 

50 

This has a slope smaller than the slope of a tangent which touches the lower branch at the point J. 
in this case, a, and 9 b are indefinite, because the film II as a perturbation enters the place where only 
tne film I exists. Furthermore. 0. increas a and * b d screases. Accordingly, the Bragg condition for mree- 
55 layer reflection is satisfied at the curve JU. 

Design of Film Thickness 
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If the rratenals for the multilayer film are determined, the refractive ndexes n, md n 0 ire :e<er~-;r=c 
if the light source is determined, me wavelength ( s determined. However, the Sicknesses a arc c :ar-*:: 
be known, Furthermore, me angies * 4 and cetv/een light and the 'especove surfaces ;?Ve i;terra;e , 
•ammated multi-ayer film .videly vary. It -s preferable that light containment >s secured ; cr any rci'c.e 
s angie. 

Though the light wavelength L is determined, it is not $atd that the respective numbers of vaves < wd 
n at the rfims I and II are determined, it is because 5 a and 9 b are variable. Although the wavelength :f ' g*: 
■n" a vacuum is expressed by I, the notation is used to avoid confusion with the eigenvalue raving ceen 
expressed by \. 

•'0 Let n 0 be the refractive tndex of the corner (that is, core). Let 6g be the oblique angle between ;ight and 
the boundary. Let n a , 9 § , n t , ^, be the parameters respectively at the films I and H. From Sneii's aw. :~e 
following equation should hold. 



'5 
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«0 cos 8 0 • n a cos 9 a - nb cos 85 



(58) 



The wave number k in the film I (that is, the number of waves m the x-direction) is expressed as 
follows. 



25 



k » [{2irn a /I )2 - (27tno C08 9(J /t ,2jl/2 (M) 
This can be rewritten by using (58) as follows. 

* " (2™ a /i ) sin e a (60) 

30 The wave number m in the film II is expressed as follows. 

m « (2^nb /* ) sin 9b (61) 

35 

From the definitions (41) and (42), the following equations should hold 

X » 2*n a a sin e a /l (62) 
Y • 2*n b b sin e b /l • (63) 

The figure expressed for S > *l in the equations (44) and (45) is a leaf-like figure, which is shown in Fig. 
45 13. 

The X-axis can be replaced by a and the Y-axis can be replaced by b with 5, and 9 h as parameters. 

Variables are changed to thickness a and b. The figure expressed for S * -t is still a leaf-like figures. 
In this case, the position of the point J fx - Z Y » 0) and the position of point K (X a 0, Y * * ) vary 
corresondlng to the angles. That is. the leaf-like figure is transformed so as to be enlarged or reduced in the 
so a-axis and the r>axis. 

In the condition of x » ». the value of a at the point J is expressed from the equation (62) as follows. 



a - V(2n a sin 9 a ) (64) 

55 

In the condition of Y ■ w. th valu of b at point K is expressed as follows. 
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b * t/(2n b sin 9 b ) . (65! 

5 n r.h;s SQuaticn, ^ .5 related :o i t cy eauaticn 1 53) arc. accordingly, t s net an -.decenaent zviri:*' 

if n .i < .*V 3 vanes within a 'ange 'rom '0 90" out ^ vanes within .-ange ; nm . :o 90 > : ••ca- 
serns ire -ctai reflection angie and is cetermired by the f c:lcwmg aquation. 

■•3 cos e c = n a / n b (66) 

The value of a at the point J widely vanes because 0, is from 0 to 90 ' . but the value of 0 at ,s s cc^t * 
=irtle varies because is from d c to 90* 
rs When 0, s zero, the leaf-like figure is enlarged to the right. The point J approaches 0 -rom 3 3:org tre 
a-axis as e, increases from 0. The point K approaches 0 from b along the b-axis. Accordingly, tne ?ar- :ke 
'igure "S reduced. 

The point J takes a minimum value t/2n, for 9 4 a 90* At this time, the point K takes a minimcr* /a;-.* 
i'2n b . 3 b »s 90' tor <J, 90* 

:o Low refractive PbF 2 layers are made of the films I. High refractive Ge layers are made of the ?;.ms !t 
Let a and b be the thicknesses of PbF 2 and the thickenss of Ge. respectively. The curve expressing :-e 
values of a'and b for S 3 -1 with the angle at the PbF 2 layers as a parameter is shown in Fib. j5. Tre 
axis of thVabscissa 1$ a(micrometers), and the axis of ordinates is D(micrometers). 
4, 1$ selected from 0\ 24.2* , 44.8* .81*. 75.7* . and 90' 
is The intersection J of the leaf-like figure and the a-axis is found by the equation (64). 

When the refractive index n a of PbF 2 is 1.558, the value of a is found as follows. { t = ic 5 
micrometers) 

a = oo 

a« 8.3 micrometers 
a- 4.8 micrometers 



a« 3.9 micrometers 
a« 3*5 micrometers 
a* 3; 4 micrometers 

These are values of a intersecting the a-axis. The value of 9 b is determined for the same value of u 35 
45 follows, and the value of b intersecting the b-axis is found as follows. 



so 
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9 a - 24.2* 
9 a * 44.8* 

e a » si* 

8 a • 75.7* 
6 a - 90 # 
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3 


*b 


b(micrometers) 




ft 


0 / . 5 


1.4 


5 


*) A *5 
Z4 • I 


69 .6 


1. 39 




44 .8 


74.3 


1.35 


•o 


61 


79.3 


1.32 




75.7 


94.6 


1.30 




90 


90 


1.30 



'5 

It is apparent that the value of b intersecting the b-axis little varies because the refractive mdex n 0 :r Ge 
is sufficiently larger than n a . 

As and 0 b decrease, the leaf-like figure for S a -1 is moved right and enlarged in area, it .s because 
the rate of reduction or enlargement is determined by the reciprocals of (64) and (65). 
20 The common portion in the leaf-like figure for the range of e t of from 0 to 90' is shown oy the 
shadowed region This is a region which is larger than the lower branch for 3» ■ 0 and which ; s smaller 
than the upper branch for 0, a 90 # This region is an optimum one for the thicknesses a and b. 

it can be expressed that the thickness a of PbFj is not larger than 3.3 micrometers "and that the 
thickness b of Ge is not larger than t.45 micrometers. However, the expression is not exact. This «s 
25 because a 5 3.3 and b S 1.45 and there is also a portion which is not included in the region 4. 

It is now considered to more exactly define the region The equation of the leaMke figure for 9 a = 
90 ' is descnbed in more detail from equations (50), (62) and (43) as follows. 

30 sii\2 (2 Ttn a a /I + 2 *n b b/*-ir) 

■ [ (n a - rib) 2 / 8n a nb) (cos (2 rr n a a/ I * 2 * 05b/ I - ~ ) 

♦ cos (2 it n a a / I - 2 " n^b / M J (67) 

The values, such as n t » 1.558, n, ■ 4,077. 1 ■ 106 micrometers and the like, are substituted into 
the equation. 

AO 

sin2(a/1.083 ♦ b/0.424 - 3,14) 
- 0.1249 (coa (a/1.083 + b/0.414 - 3.14) 
* ♦ coa {a/1.083 - b/0.414) J (68) 

Thia ia a do Uled aquation for 0 a ■ 90 # . 

50 In the foUowing, the case of i % » ffo is considered. From the definitions of equations (62). (63) and (43). 
X approaches 0 and 0 approaches 

Returning to equation (45), the following equation should hold based on equations (41) and (43). 

5s I in [y - 1) sin X » ma/2 (69) 

Because B M approaches 0, the following equation should hold for X » 0. 

20 
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-I s cos Y {ma / 2) sin <i (70) 

5 ;he sefinijicn of equation 163) *ith respect to Y. ? 3 .s replaced by * : -total -ejection ir.qiQ) 

~n b /* (si n 3 c )b = cot-l(ma / 2) (7i } 
cos [(tr nb /i l sin 8cJ . Q 

The equation (72) has a definite coot as follows. 

b ■ I / (2n b sin 8 C J • (7]) 



'0 



! 5 



This expresses the upper branch for 0, » 0 in Fig. 4. The lower branch- for e 9 3 0 >s exorsssec cy -re 
following equation (71). 



20 

b/0.8955 * cot' 1 (a/0.8955) 



(74) 



3y solving the simultaneous equations (68) and (74), the intersection of the lower brancn for 3, = 0 ana T9 
25 upper branch for 0, = 90 ' can be found. 

it ; s important that the region * satisfying $ < -1 in the whole area of B t of from 0 to 90 ' exists, 
if the respective thicknesses of the films I and II are selected to be a and b within the region, r ; 
deduced that light can be enclosed in the core (corner) against any oblique a'ngle 

iq 

Calculation of Attenuation 

It is apparent that light at all angles 9, is attenuated as the light moves right in the region i,. Although t 
nas been described that the number of layers n can be arbitrarily selected, a question how many -avers 
js should be used is still remaining. 

For example, the point (a * 2 micrometers, b = 0.7 micrometers) in the vicinity of the center of i s 
considered as an examote. 

The most difficult light to enclose is at 0, 3 90 V in this case, the number n is suitably 2stima:ec by 
the example. At this time 

40 



X 


a 


2 / 1.083 ■ 1.847 


(75) 




■ 


0.7 / 0.414 » 0.691 


(76) 


i 


■ 


1.4995 


(77) 


s 


* 


-1.3995 


(78) 


\ 


• 


-0.4203, -2.379 


(79) 
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It is apparent from the value of \ » -0.4203 that the amplitude of leaking light is reduced by about *0% 
as n is increased by one layer. The power of light is in proportion to th square of the amplitude. 
55 Accordingly, it is apparent that the power is attenuated to about \7% even at n ■ 1. At n ■ 2. the power s 
attenuated to about 3 %. 

This is calculated under the most severe condition of i t * 90* . Becaus # 4 is really smaller than 30 
th actual attenuation is greater. Accordingly, it is to be understood that light can be relatively efficiently 
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enclosed even at n a 2 :r ?vsn an * I if « «.s 3 or "arger. light can oe almost comc-eteiy sncxsed 



Examoie 

5 

A silver bromide core optical -icer having an alternately 'ammated .Tuti-'ayer :l!m as shown n i 
.-/as orepared. The diameter cf '.he AgBr core was 700 micrometers. 

The alternately lammatea muiti-ayer film .vas orepared as Renews. T^e core was :oated ^.h a t 
micrometer -hick PbFa film and hereafter further adaitionaily coated with a i micrometer :niCK Ge ::^m. 
>o Such procedure *as repeated 10 times. Thus, there was prepared an alternately ammateo muiti-layer ri:m 
having totally 20 layers and a 20 micrometer thickness. 

3ecause a a b » t micrometer, light can be enclosed with respect to all the oblique angles i r 

Such an alternately iammated muitHayer film having :0 periods and a 20 micrometers thickness «as 
further coated with Nylon. 

?5 A 700 micrometers AgBr fiber core was directly coated with Nylon to thus prepare a riber as a 
comparative example. 

Carbon dioxide laser light was passed through aach of the optical fiber according to the inver.t:cr and 
the optical fiber as the comparative example to thereby measure the temperature rise (* C) at the position at 
a distance of 1 cm from the exit and. 
20 The reason why the Nylon coating was used is that Nylon can sufficiently absorb CO7 laser light. :f Co? 
laser light leaks out of the fiber, Nylon efficiently absorbs the light so that its temperature rises. 

tn the case where this fiber is constituted by merely a core, the fiber can transmit carbon dioxide laser 
light of 45 W. With successively changing the transmission power of the carbon dioxide laser to 2W. 5W. 
10W. I5W and 250W, the temperature rise was measured by a thermocouple which was put in contact with 
25 a position being at a distance of t cm from the exit end. The results are shown in Table 1 . 

TABLE 1 

Rise of temperature (deo) 



JO 



J5 



40 



so 



C0 2 laser trans- Comparative example Example according 
Mission power Direct Nylon coating to this invention 

Multilayers (PbF 2 /Ge) 

(W) x 10) ♦Nylon coating 

2 28* 3* 

5 69* 6° 

10 142* 13 

15 Occurrence o£ injury 18 • 

at output end 
150 - 178« 



It is apparent from the results that the temperature rise in the fiber having the alternately laminated 
multi-layer film is very little, and is about one-tenth as much as in the fiber having no alternately laminated 
muitHayer film. 

55 in the case where the fiber is constituted by merely a core without having any Nylon coating, the fiber 
can transmit laser light of 45W. However, in the case where th fiber is coated with Nylon, the exit end «s 
injured by laser light of t5W so that the fib r cannot transmit light of t5W. This is because the leaked kgnc 
is converted into heat by the Nylon. 
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Tre 'act :hat :he remcerature .-se >$ .it'e n -e sxancie accsr-sng :o re casern "verier - •:: ■? :* 
seing coated with Nyion iav f ng gcoa absorbency r.eans : h at ;re eaked ight .ir.'e exists it re •* 
■ he nuiti-iayer film 

Furthermore. =n this example. mgh-power CO: -aser -»ght of i5CW ccud ce transmitted 
3 -n a variation of :he preceding embodiment s-ncwn ; n ?ig. 15, ^e cere i =s ::ated wfr i a.er 2 :* rdo 
: !ucr:ce PbF 2> ana the ?bF 2 ayer 2 <s further coated A/ith anctr.er ayer 3 AgBr ;or AgCl r-ese 
ayers are formed :hrougn vacuum evaooraticn. sputtering, or ;he ike. =t s ccssic-'e :o erfic:e rl 7 r~c :se 
•rrrarea rays -vuhm ;he optical fiber core by means of !he PbF? and AgBr ayers 2 ara 3 5c:."g is i 
;!aabirg. 

'0 rig. 17 shews another example of the optical fiber in which :he numoer of -scer-tiCrs :f re :;ar..**o 
'ayers of PbF 2 and AgBr (or AgCl) is increased. 

Such a film that is formed by repeated coatings of two Kinds of materials as cesc."ted aocve s -srer'-: 
to as an alternating multi-layer film, which is often abbreviated to PbF : Ag8r. 

!n this example, :he fiber core is made of AgBr and Has a diameter of 700 micrometers. r *r-ee -v: - 
rs layer film pairs each constituted by PbF 2 and Ag8r layers, that is. six thm :iims. :cver a regie* v 5 :~ 
from each of the incident and exit ends. The thicknesses of the film of PbF 2 and ;he riim :i Ag5- are i 
micrometers and 2.6 micrometers respectively. That is, the total thickness of me muiti-ayer ; . ;! ms s :?3 
micrometers. 

As in the previous embodiment, the multi-layer cladding may be restricted :o the r .wo ends, as shewn - 
20 Fig. 18. 

The film I is a PbF 2 layer having a low refractive index (n, = 1.558), the thickness or "men s 
represented by a. The film II is an AgBr layer having a high refractive index (n„ 2.2), the Jhoness ;f 
>vhich is represented by b. 

Fig. 18 shows curves showing the values a and b which satisfy S * with the oblique angle , n re 
25 PbF 2 layer as a parameter, in the drawing, the~abscissa and the ordinate show the thickness a (miromerersi 

ot the PbFj layer and the thickness b (micrometers) of the AgBr layer respectively. 

As me oblique angle 9 a , values such as 0* , 24.2* . 448* . 61 ' . 75.7* and 90* were selected 
Respective points of intersection J between leaf-shaped figures and the a-axis are obtained on re C3s;s 

of the expression (64). 

30 With respect to ?he PbF 2 film, assuming that the refractive index n a * l 558 and t » *0 3 
micrometers, the relation between me oblique angle and the thickness a of the PbF 2 film intersecting -re a- 
axis is as follows: 
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9a 


a 


0° 


a 


a 


SO 




9a 


a 


24*2* 


a 


a 


3.3 


micrometers 


9a 


a 


44.8° 


a 


a 


4.9 


micrometers 


ea 


a 


61 # 


a 


a 


3.9 


micrometers 


9a 


a 


75. 7* 


a 


s 


3.5 


micrometers 


9a 


a 


90* 


a 


a 


3.4 


micrometers 



The values of the angle 9 b are determined as follows corresponding to the same values of the angle ar 
the respective values of the thickness b intersecting the b-axis are obtianed as follows corresponding to :r 
determined values of the angle * 

50 
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b(micrometers) 


0 


44.9 


3.41 


24.2 


49.8 


3.12 


44.8 


59.8 


2.79 


61 


70.0 


2.56 


75.7 


79.7 


2.45 


90 


90 


2.41 



The reason why the variation in value of the thickness b intersecting the b-axts is small is -hat r.B 
refractive index of AgBr is larger than that of PbFj. 

fn Rg. 19. therefore, the b-axis is elongated to be twice as large as the a-axis. 

All the figures satisfying S a -1 with the angle as a parameter are varitions of th leaf-shaoed figure ji 
20 Fig. 13. The sizes along the ordinate and the abscissa are nothing but enlarged or reduced in accorcancs 
with i/n a sin 9 t and l/n b sin 0 b . 

in the hatched region 4, it is possible to enclose all the light having the oblidue angle h within a rarge 
of from 0 to 24.2* . 

Although the angle e of 24.2* seems small, this value is not so small. This is the value of the coiique 
25 angle in PbFj. If a core is made of AgBr. the oblique; angle in the core is 50* , and therefore the angle cf 
24.2* is considerably large. 

Since it is presumed that there essentially exists only a few light rays having such a 'arge :ciicue 
angle, almost ail the light transmitted through the core may be considered to have an oblique angle cemg 
not larger than 24.2*. Accordingly, it is possible to enclose substantially all the light if the vaiues of :.-e 
30 thicknesses a and b are selected within the region 4. 

Although" the region is defined so as to be a » 0.3 - 7.8 micrometers and b a 0.6 - 3.1 micrometers 
this definition is not correct because the region * Ts not rectangular. 

An expression coresponding to 9 t * 24.2* is as follows: 



co«2(a/5.28 ♦ b/1. 983)2 - 1.04 sin (a/2.64) 

• • • 

An accurate expression of the lower branch of 9 ■ 0 is as follows: 



a/2.172 • cot (b/2.172) (68) 

4S 

An accurate shape of the region * can be obtained on the basis of the expressions (67) and (63). 
A doubly hatched region A is more preferable. In this region, it is possible to enclose light having the 
oblique angle*, within a range of from 0 to 44.8* . 

50 

(1) Example of Calculation 

In the region all the light having an oblique angle d. within a range of from 0 to 24.2* is attenuated 
53 as it is transmitted toward th right 

in the foregoing calculation, only the boundary S » -i is obtained, but no consideration has been made 
into the inherent valu : Therefore, consideration will be made here to th numb r n of the films whicn 
suffices for the requirement For example, a point is taken which is defined by a * 3 micrometers and b * 

24 
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sin (b/0.991) 
(67) 
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20 



30 



1 micrc.~eters n tre vicinity :r re :enter :r :rg regicn * ;s '3ken 

The 'tgnt raving the ar.gte J, of 24 2* s the most sirficu to ce enclosed arr-crg re grt -a. ~] - 
angle -J, .vi^hin the range :f : om D to 24. 2 * T^erafore. :crsiceraticn ce ~ace "era n " 1 . 
A avmg the angie ^ :r 24.2 A.thcugh re jgnt ~avrg re :o!icue ang.'e «n a rir«;e ;r ? rcm ; *o =c: ;." 
:an *oe enclosed, calculation s -^ade here as ;o :ne ight -avirg ang:e :r 24 2 



X " 3 / 2.64 * 1.136 
Y * 2 / 0.992 



(59) 
(70) 



v » 1. 595 (?n 



15 Accordingly, 



S « -1.425 

* * -0.410; -2.44 



(73) 



From the value \ - -0.41. it can be found that the electric field amplitude :s raduced tc aoout *Q 9 '» as 
the number n of the Rims is increased by one. Power is reduced to about 16% as the ^umber " 5 
25 increased by one because the power is proportional to the square of the amplitude. When n = 2. the 
is reduced to about 3%. 

From this result it is found that light can be efficiently enclosed even when n » 1 . and sucstama: ; 
perfectly enclosed when n > 3. 



Example 



Such an optical fiber as shown in Fig. 18 was formed. A fiber core mace of a silver bromide crystal an-: 
having a aiameter of 700 micrometers is coated over a length of 5 cm from the exit and with six aye r 5 n 
35 total consisting of three thin films of PbF 2 each 4 micrometers thick and three thin films of Ag8r each 2 5 
micrometers thick. The layers of PbFj and the layers of AgBr are alternately and repeatedly 'ormea 'or 
three cycles. 

in order to confirm that this structure is effective in enclosing light, light leaking at the exit end cortscn 
coated with the multi-layer film was detected by an infrared-ray detector Leakage light in me case where 
40 coating was performed was reduced to about 50% in comparison with the case where no coating vas 
performed. 

The previous embodiments include an infrared-ray optical fiber having a core formed of silver crormce 
(n * 2.2) and a cladding formed of silver chloride silver chloride {n * 1 98). However, the nfrared tgrt 
containment can be improved. 

45 Because the infrared-ray optical fiber is generally used for transmitting light power, neating of re 
optical fiber is one important problem. Paticluariy. remarkable heating occurs ooth at the ncident ere s cr 
transmitting light form the laser to the optical fiber and at the exit terminal for transmitting light out of re 
optical fiber. At the intermediate portion of the optical fiber, heating is relatively insignificant. However if re 
optical fiber is fixed, the core is distorted by the pressure of the fixing member so that heating occurs ow.rg 

50 to the increase of absorption. 

As described above, the absorption of the optical fiber increases at the incident and exit enos ana re 
fixing portion so that significant heating occurs. The optical fiber is easily injured owing to the neatmg. 
Accordingly, light transmission power is limited so that the optical fiber is prevented from being injureo. : ; 
the light absorption of the optical fiber can be reduced, the optical fiber can transmit stronger power 

55 

Alter n at ly Laminated Multilayer Cladding 
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In me previously described core and c:ad structure, ignt s anccsed in re cere cy „se :r :*2 
•nternai reflection of iight at -he bour.aary cef«een ;ne :cre and :ne evading- The cctai rri.K'cn rc:a : ^ 
•.he core boundary is determined by :r*e ecuation: 

3 8 C 9 r\2 / m (74) 

-.vnere ni -s ihe refractive index of the core, and n? .s the refractive .ndex of :he caccmg. 

Such nght containment as described above is difficult -n the ■nfrarsd-ray octical fiber. Cecause marerais 
.'0 of nearly equal refractive index cannot be easily cotamed. The inventors have enough! of m^ns : cr gr: 
containment on the basis of a principle quite different from !he afcove-aescribed light :ort3inrrent cased :n 
total internal reflection. 

The light containment can be attained by alternately and successively aminating a nign refracr.ve 
material II and a low refractive matenai I on me outer circumference of the core. The rsfractive -rcex -i :: 
15 the core is not limited by the refractive indes ni of the low refractive mcex material or the refractive index 
n 2 of the high refractive index material. Of course. n 2 m. However, the relation among those refractive 
indexes may be no S hi < n 2 , n, < no i n 2 , or ni < n 2 % no. 

When the thickness of the film of the high refractive ; ndex material II is represented by b ard :he 
thickness of the film of the low refractive 'ndex material I is represented by a. the repetition ;er.cd 
zo represented by L is expressed by the equation I 3 a + b. 

Let k and m be the wave number of waves perpendicular to the films I and II respectively. Let and 
be the angles between the light rays and the films I and II. 



* no cos 8q « ni cos 8 a * n2 cos 85 (75) 

The wave number k at the film I is expressed by the following equation. 
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)c « (2 V* )ni sin 9 a (76) 
The wave number m at the film ll is expressed by the following equation. 

ni ■ (2V A ) sin e b (77) 
Y« fn / k + k / m)/2 (78) 

3y equation (5), the definition of y is given. 
This is a value larger than 1 . 

Let ka and mb be replaced temporarily by X and Y. 

ka • X (79) 
rab » Y (80) 

Then when S defined by the following equation (81) is smaller than -1. light traveling from the core to the 
films I and II is returned to the core by Bragg reflection. 

S * cos X cos ¥ • Y gin x sin Y (31) 
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comcination of thicknesses ;a. oi :o :ause Bragg 'efect:cn ras twccimensiora:!/ 
■•mh aspect to the respective angie * 4 . if ;he values of the respective -mcxresses a mi z ire :et*'~ 
50 that 9ragg reflection aiways occurs at any /alue :f the angle j„ .«gnt :an ze ancxseo •r--* ? 

The name of "aiter^atey amiratea muiti-iayer fiim" s given by the ?act that t^e ''~3 v- 
5 alternately repeatedly .animated Dn re core. The alternately ammatea nuiti-ayer vm :rc:-:es 

;ontairmeni owing to 3ragg reflection. >/mch «s quite 3irff©rent :rom tre aoove-'escf.cec -en? :c*ta:r-err 
:wmg :o total reflection (equation (74)). 

-'cwever the condition of S S -i is cons»cerabiy severe, ana the *an.ce of :re ^ caresses a. c> *: 
:ause Bragg reflection becomes narrow if i >s not sufficiently :arger than :. Accordingly, t 5 o.-ere'ace -v. 
•0 a very hrgn refractive index marenai is used tor the film II. 

From this view, an mfrared-ray optical fiber having an alternately 'ammated multilayer rad -s^g ?zf: 
and 3e m combination has been prepared, in vhis case, the refractive naex of PtF* s » 553. sre :re 
refractive -ndex of Ge is 4.07. Accordingly, the range of thicknesses cacaoie y preouemg '? r : $c::n 
.s wide. The range of the thicknesses capable of raising Bragg reflection »s astaoiish.ee at an he inches i 
'5 of 'rom 0 to 90 degrees. 

Furthermore, an alternately 'aminated multi-layer cladding or ?bF* and AgBr Has cen cacarea 
refractive index of PbF2 is 1.558, and the refractive index of AgBr is 2.2. Accordingly, ^e -arge :f ~e 
combination of thicknesses capable of causing Bragg reflection at all the angles of 9, :oes not exist. re 
angle is smaller than 30 degrees, the range of the thicknesses capable of raising Bragg reflection 3*1315 
zo Furthermore, an alternately laminated multi-layer cladding of PbFi and AgCI can be considered. However, 
because the refractive index of AgCI is 198. Bragg reflection cannot be produced if 9, s not -eiativeiy cw 

Let n be the number of repeated layers in the alternately laminated multi-layer film. The effect 
containment is more improved as the repetition number becomes larger. However, manufacturing such a 
multi-layer film is difficult and expensive. As the repetition number n oecomes larger, manufacturing cost 
25 increases. 

The inventors have invented an infra/ed-ray optical fiber having a core surrounGed by an alternately 
'ammated multi-layer clad of such as PbF 2 /Fe. PbF 2 /AgBr or the like. 

in the case wnere the whole surface of the optical fiber is coated with the alternately ammated ^•-•n- 
layer film, a problem exists in the economy of its manufacture because of the enormous cost required ; :r 
30 forming the coating. A further defect is that it is difficult to maintain the thickness of the film :onstant :ver 
the whole of the optical fiber, 

in the case where the multi-layer film is provided only at each of the incident 3nd exit er<ss :f ; u e 
optical fiber, cost is relatively little. Because the incident and exit terminals, which are easily Seated owing 
to absorption, are coated, stable infra/ed light transmission can be made and heating of the fixing portion 
35 can be reduced. 

However, the intermediate portion of the fiber is not coated with the alternately laminated muiti* ayer 
film, so that light absorbing matter, such as water, dust, the internal wall of a fiber protection tube. o> the 
like, often comes in direct contact with the core. As a result, laser light is greatly absoroed at the contact 
point to thereby heat tne fiber and injure it 
40 Generally, the intensity of light leaking out of the optical fiber is .arge at its incident and jxit end. 
Accordingly, the principle that the alternately laminated multi-layer film is provided at both tne ends of the 
fiber is reasonable. 

However, it is not reasonable that the intermediate portion does not need coating. As described above, 
the effect of the air cladding may disappear owing to the deposition of light absorbing matter on the cere, 
as Furthermore, if the infrared-ray optical fiber is repeatedly bent, the leakage of light at tne intermediate 
portion increases. 

Fig. 20 is a graph showing the result of measurement of the intensity of light leaking from a sice of the 
core in the case where the optical fiber core transmits carbon dioxide (COa) laser light. The fiber used m 
Fig. 20 has no cladding but has a core. 
50 The axis of the abscissa shows the lengthwise position of the optical fiber from the incident end to tne 
exit terminal. The axis of the ordinate shows the intensity of leakage light at the lengthwise position. The 
intensity is measured by an infrared detector applied to a side of the fiber core. 

The solid line shows an "initial state", which means the state of the optical fiber that has not yet been 
bent. Leakage light at th int rmediate portion is v ry littl . It is apparent that the leakage of light occurs 
55 mostly at the incident or exit nd. 

The broken tin shows th intensity of leakage light with respect to the sam infrared-ray optical : iber 
after it is repeatedly bent in practical use. the infrared light fiber may be rep atedly bent. The bending 
produces a defect in the core to thereby increase dispersion and increas leaking light. Particularly, 'eakage 
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'ight at the intermeciate portion .$ -ncreased. However, te 'eaKage -ght at '.he 'ntemneciate pcnon > i' 
Significantly less than that at '.he incident or exit end oortion. 

Neither rhe method of coating the *noie surface of the :ptical fiber -/uh x.e aiterrateiy ammates — . ■ • 
'3yer 'ilm r.cr the method of coating only the ooccsite ends of the optical fiber vith :he alternately anvnats:! 
multi-layer film can produce the profile of leakage 'ight of Pig. 20. 

The optical fiber according to this asoect of the present invention ,$ characterized .n 'rat :c:r re 
■rrermeciate portion and each of '.he incident and exit and portions are coated w;n an alternately 'amiratad 
muiti* ; ayer Mm. The ootical f iber is further charactered n :hat the 'ecetition number n at eacn :f :-e 
:ncident and exit end portions is 'arger than the repetition number m at :he rnermedrate ccruon r-a 
"repetition number" means "cycle". The thickness of film at each of the" incident and exit end portions -s i 
and the thickness of film at the intermediate portion is mL. That is. the nubmer of ayers of ccth r/ces :f 
films at each of the indicant or exit end portion is 2n. and the number of 'ayers at :r.e ntermeaate pccc* s 
2m. 

The present invention is further characterized in that the following relation is satisfied. 

n > m > 0 (32) 

For example, at first the whoit surface of the fiber core is coated with one cycle of alternating films. 
Thereafter, the terminal portion is additionally ; .ated with two cycles of alternating films. As a result, a f ber 
constituted by opposite terminal portions each having a three-cycle (n * 3) multi-layer cladding and it\ 
intermediate portion having a one cycle (m a 1) multi-layer clad, can be realized. 

Fig. 2t is a sectional view showing the structure of the infrared-ray optical fiber according to the present 
invention. To prevent the leakage of light at the intermedite portion, an m-cycle alternating mufti-layer film «s 
provided at the intermediate portion. To prevent to a greater extent the leakage of light at each of the 
incident and exit end portions, an n-cycle alternating multi-layer film {n is larger than m) is provided at sach 
of the incident and exit end portions. 

The case where the alternately laminated multi-layer film is uniformly provided at the whole surface :f 
the liber can be expressed by n a m. The case where the alternately laminated multi-layer film »s provided 
only at each of the incident and exit end portions can be expressed by n > 0 and m 0. The "alternately 
laminated multi-layer film" means a combination of thin films, such as PbF* t Ge, PbFj ' AgBr. or the : *a. 
in the case of PbF 2 / Ge. the thickness of each film is preferably about t micrometer to 2 micrometers, -n 
the case of PbF a /AgBr, the thickness of each film is preferably of me order of micrometers. 

The diameter of the core can be suitably selected in accordance with the poer of carbon dioxide 'aser 
light to be transmitted. For example, a core having a diameter of about 500 micrometers to iOCO 
micrometers can be used. 

Evaporation, sputtering, etc., can be employed as the method of coating the surface of the optical 'iter 
with clad matrelal. such aa PbF 2 , Ge. AgBr and the like. 



Example 

A silver bromide crystal optical fiber core with a diameter of 500 micrometer was used as a core. The 
length of the fiber core was tOO cm. The whole surface of the core was coated with an alternately laminated 
film of PbFj and AgBr for one cycle (two layers). That is, m was 1. Each of 1 0 cm long portions from tne 
incident and exit ends was additionally coated with a four-cycle Him. That is. each end portion was coated 
with a fiv*cycie alternated laminated multi-layer film (totally, 10 layers). 

Fig. 22 is a graph showing the result of measurement of the amount of light leaking over the wnci 
length of the infrared light fiber. The axis of the abscissa shows the position of the fiber measured from th 
incident end. The axis of the ordinate shows the amount of leakage light meausred by a-n infrared detector 
applied to a side of the fiber. 

The solid tine B shows the result for the above-described optical fiber. The structure of the optical fiber 
is illustrated at the upper portion of the graph, it is apparent form the solid tine 8 that the amount of 'eaking 
light is very little even at the end portion. This is an excellent fiber. Of course, leakage at the intermediate 
portion is also little, it is because the one-cycle alternating film is provided at th intermediate portion. 

Furthermore, it is apparent that leakage light is almost uniform over m whole length. Although the 
amount of leakage light at the incident or exit end portion is generally large, th leakage light can be atmost 
completely prevented by th specific five-cycle alternating film covering the end portions. 
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7>9 broken ireC sncws * r e :. K resrcic evei of ' i ght njury -■"'•ng :d :ne contact ceween 3 =::M.'c-?- 
ir.a -.he : :ber The :hrasroid : .evei -5 sucn :hat. f a ! $ht scscfcer ic^es r. ::r:act .v«m -a ■. •• 
r^scect :o /vnich eakmg ight at non-csntac: s at f ~9 evei C. : '.gnt s aosccec cy ""e *g~: :ci:-:er ■- 
hereby neat the fiber to breax :t. 
s Even f eakage ; gnt -s over :he 'evel C. :he ' ! ber not touching any ignt acscrcer 5 ^ct •" :. 
seating. However. f '.here is the possieuiiy or touching a ight acsorcer. a ' : ber ; er .vmch eakage sc,.— 
above the r evei C :annot ce used for the cower of 'he ;igm. 

.Next, -he :cticai fiber according to :he present invention was reoeatecly t;ent cy tracing 3 ar y- 
*avmg a 'aaius or 10 cm f cr 10.000 times cycles, in cracticai use. the fiber may be -eceateciv zs~: r :- 
•■■3 determining the influence, the fiber was reoeatedly oent. 

The result of measurement of the amount of ieakage light s shown by 'he cro«en me 3' 

The amount of the leakage 'ight at the intermediate portion is increased, "his eauage :ccur5 t:ec3L$e 
scattering centers are produced in the core by the bending. Hoever, the leaxage >s beiow ;re trresrc-c 
C ot light injury. 

'5 in short, the optical fiber according to the present invention is kept at a safe 'evei even 1 «t s 'eceaiec:/ 
bent m practical use. 

As a comparative axample. a fiber having only a core not coated with any alternately ;amira:ec 
•ayer film was measured in the same manner. That is. a 100 cm long silver naiide (AgBr) crystal ' ; cer .vith a 
diameter of 500 micrometers was measured. 

20 The result »s shown by a two-dotted chain line A of Fig. 22. At the intermediate portion, the ;rapn A s 
under the level C but over the graph B. In short, the leakage at the intermediate portion is larger than :nat :f 
the optical fiber of the invention. The leakage at each of the incident and exit end portions ts far arger than 
the level C. Particularly, the leakage at the incident end is remarkable. 

The fiber having only a core was repeatedly bent by tracing of the fiber over a circular arc having a 

25 radius of 10 cm at 10,000 times. The result of measurement of the amount of leaking iight after the berdmg 
is shown by the one-dotted chain line A', leakage at the intermedite portion is .ncreased. Even at the 
mtermedite portion, the leakage is over the level C. Accordingly it is apparent that use of the fiber raving 
only a core is risky, it is because leakage light is increased by bending to thereby easily induce ^eac y 
of the optical fiber. 

jo Infrared optical fibers of the type incorporating a metal layer provided on the outer surface or an zsucat 

fiber core are commonly known. However, infrared optical fibers having a cladding structure tor a ;er.erai 

purpose have been not proposed yet. 

One part of this application describes an infra/eo optical fiber navmg a novel cladding structure :cr tz 

purpose of carrying CO? laser light. 
35 The fiber has an alternately laminated multi-layer film which is formed of two kinds of mater-ais or 

different refractive index and which is provided as a cladding on the outer surface of an infrared-ray cpncas 

fiber core. 

The cladding material should well transmit infrared light. For example, an alternately laminated multi- 
layer film of PbF 2 /Ag6r or an alternately laminated multi-layer film of PbF 2 /Ge is provided on the outer 
iQ surface of the optical fiber core. 

Because the cladding consisting of the alternately laminated multi-layer film reflects infrared light at the 
boundary between adjacent layers of different refractive index, the cladding has such a function chat 'ight 
directed outward from the core is reflected to be returned to the core. 

As the layers within the multi-layer film are increased in number, the probability of occurrence :f 
45 reflection increases. Accordingly, infrared light can be efficiently enclosed within the fiber core. 

The principle of the alternately laminated multi-layer clad is remarkably different from that of tne ssng'e 
cladding layer in the silica glass fiber or the like. 

Witn respect to step-tndex-type silica glass fiber, an important problem exists in the difference >n 
refractive index between the core and the clad, in many case*, me difference in refractive .ndex between 
50 the core and the cladding is established to a very small value. This is because the silica glass fiber -s 
mainly used for transmitting signals without distortion. Accordingly, the refractive index of the cladding is 
limited by the refractive index of the core, Thus, the clad material is determined depending on the core. 

With respect to a infrared optical fiber, it is not necessray that the difference in refractive index oetween 
th ) core and the cladding should be established to a small value, because th infrared optical fiber -s not 
55 used for transmitting signals but is used for transmitting light power. 

The alternately laminated multi-layer clad proposed by the inventors has a problem in the difference n 
refracbv index b tween two kinds of mat rials forming a cladding. This is because reflection at the 
boundary b tw en adjacent layers within the multi-layer cladding is more important than the reflection at the 
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cbundary cetween :ne core ana 4 -e ::ad. 

For :his reason, :r.s materials sf *. h .e ::aaomg can ce suitably selected *nrcut imitattcn ;-v»rr - -a 
refractive index of tne core. :rat s. vi incut nutation owing :o t.q .natenal of the cere. 

The alternately 'ammatea mutti-ayer film can effectively enciose mfrarea lignt independently zi <>rz 
s of the core. 

Many kinds of materials can be usea for the cere of tne -.nirzreti ocucal 'iber ana rav9 rescscr- >r-/ 
advantages and ^advantages. The infrared optical fiber r-as an advantage n :nat :r.e ~ater'3is r •? 
cladding is -n cnnapie net limbed by the refractive index of the core. 

7re alternately laminated multi-layer cladding type of optical fiber s very useful oancuiany in re :a$e 

.'0 v/here high power CO* laser light energy is transmitted. In the infrared optical fiber having :he alternately 
•aminated multi-layer dad. infrared 'ight leaks out of the $iae surface of the fiber ro only a rurcr extent. 
Even if light absorbers, such as dust, water and the like, are deposited on the outer surface y ire ;, cer 
: ight is not absorbed by the deposited absorbers. Accordingly, the advantage "S that accidents sucn is 
heating of the fiber owing to light absorption and injuring of the fiber do not happen. For this -eascn the 

j$ infrared optical fiber having the alternately laminated multi-layer claading has a transmission characteristic 
that is not influenced by the environment. That is, such an optical fiber can be realized which ras a $tacie 
transmission characteristic. 

Generally, the optical fiber should be fixed by certain means in order to adjust the input or outDut 2nd 
thereof to a converging optical system, such as a lens, a mirror or the like, which controls the incidence cf 

20 light to and the exit of light from the fiber. 

However, the fiber is locally heated owing to the contact between the fixing member and the 'iber. This 
may cause an accident that injuries the laser at a fixing portion. The reason is that the fiber is distorted by 
the fixing member pressing the fiber to thereby increase the leakage of light Tne alternately -'amirated 
multi-layer clad could suppress the leakage of light at the fixing end and could effectively prevent ;re 

2$ heating of the optical fiber at the fixing end. 

As described above, the infrared-ray optical fiber having an alternately laminated multi-layer ciaaair.q 
which has been invented by the inventors of this application shows an excellent effect. However. :re 
materials used as the multi-layer clad have been crystalline material, such as PbF ? , Ge. Ag8r. AgCJ. aro 
the like. This type of materials are easily injured by friction. As a result, the infrared-light containment effect 

jo of the multi-layer film has been often reduced by the injuring of the material. 

Further, the multi-layer film cladding is arranged to reflect outward traveling light at a boundary between 
adjacent layers and attenuate the outward traveling light in the multi-layer film. Therefore, tt <s impossible :o 
completely contain me nt. 

Fig. 30 is a graph sr owing a radial distribution of light intensity inside the optical fiber. As shown m tne 

:s drawing, the light intensity is high at the center of the optical fiber, and is attenuated in the multilayer film 
cladding. However, the light intensity is not reduced to zero even at a position outside the outermost :ayer 
of the multi-layer film cladding. That is, the light power is not reduced to zero even at the circumference of 
the optical fiber. Although the amount of light power leaking out of the circumference of the optical fiber is 
slight relative to the total light power, the amount inevitably becomes large as the absolute amount of light 

40 power propagated through the optical fiber increases. Therefore, in such a structure in which only the 
alternately laminated multi-layer film is provided on the circumference of the optical fiber, there is a limit to 
the transmitted light power. When the light power to the transmitted exceeds this Hmit the fight power 
leaking to the circumference of the optical fiber increases, so that the optical fiber may generate intense 
heat to thereby damage the laser if it contacts a light absorber or a terminal fixing member. 

as In one embodiment, as shown in Figs. 23 and 24. the outer surface of an optical fiber core 1 is coated 
with a multi-layer cladding 2. The multi-layer cladding 2 may cover the whole surface of th optical fiber 
core 1 or may partially cover the input or output end thereof. The outer surface of the multi-layer cladding 2 
is further coated with a resin layer 4. 

Material used for the optical fiber core 1 can be suitably selected. Examples of fibers capable of 

so tranmitting CO* laser light are as follows. 

(1) Alkali Halide Crystals 

Crystals of CsBr, CM, W. KBr, NaCI, CeCrffcCI, Naft LiF and Nal, and mixed crystals thereof. 

(2) Silver Halide Crystals 

Crystals of AgBr, AgCI and Agl. and mixed crystals thereof. 
55 (3) Thallium Halide Crystals 

Crystal* of TIBr, T1CI and Tit, and mixed crystals thereof. 

(4) Crystals of ZnSe and ZnS, and mixed crystals thereof. 

(5) Chalcogenid Glasses 
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' As-3 

T'-^e present -nvention is aoo'icabie to any core material. 

r-9 muti-'ayer ciaading 2 ; s almost transparent l cr trrrared '. ; gnr and >s termed oy alternately ::a: *; 
•v/q wr.ts of materials having airierent refractive «rcex 
5 ^re ■rivenrors nave perfected a multilayer cladding of alternate ; armrates or ~bF 2 and Ag3r -c--. i • 
:w -afractr/e ndex material and AgBr is a high rafracsve material. The rwenlors nave airsacy n: 
:ar?ecred a PtF^Ge alternately laminated multilayer cladding. 

T*e resent invention s characterized in that a *esin ayer 3 «s 'urther oroviced on sucn an a:!er-a:e-.- 
am-.nated muitwayer claading. 
■ j The resin layer 4 is provided :o protect the multilayer ciadcirg 2 to :rereoy crevent ts nury -e 
Tuiti-!ayer claading 2 is injured, the injured portion >s intensely seated owing to tne 'eakage :f -gnt ; 
iheraoy injure the fiber's body. 

The resm layer 4 is almost transparent to infrared light and preferably amcioys a material ^ci arger - 
.-efractive index than the tow refractive index material of me- multilayer cladding 2. if ;he resm 'ayer 5 
•5 -ransparent for infrared 'ight the resin 'ayer possibly absorbs infrared Jignt to hereby -nauce ~:srse 
heating, if the refractive index of the resin layer >s higher than that of the iow refractive .naex marerai re 
.nfrared-iight containment affect of the cladding 2 is reduce. Polyethylene is a materia! *mcn is -ransearr^ 
;n the infrared region and has a refractive index of 1.46. 

in the multi-layer claddings of either PbF 2 /AgBr or PbFj/Ge prepared by the inventors, re c* 
20 tractive material in each of the claddings 2 is PbF 2 . The refractive index of the !ow refractive material 3 
1.55 for infrared light. Even if PbF 2 is replaced by polyethylene to form a multi-layer dad. the cladding car 
have the same effect as the PbF 2 Ag8r cladding with respect to the light containment effect because 
refractive index of polyethylene is smaller than that of PbF*. 

However, polyethylene has a very large light absorption coefficient of 200 cm' 1 for the CO? ; aser 
25 wavelength 10 6 micrometers. Even if a thin polyethylene film is used, the absorption is considerable, if ail 
the low refractive layers of the multi-layer cladding are replaced by polyethylene layers, absorption owing ^ 
the polyethylene possibly occurs in the case of large transmission power to thereby injure :he '-cer 
Accordingly, polyethylene cannot be used as the low refractive material within the alternately amirated 
multi-layer clad. 

jo In the present invention, a resin layer of polyethylene or the like is provided on the outer surface or re 
multi-layer clad. At the outside portion of the multi-layer clad, light power is sufficiently attenuated cy -r? 
light containment effect of the multi-layer clad. Accordingly, there is no danger of light injury cccurrg 
owing to light absorption by the polyethylene layer. Furthermore, one of important features is that the : gn 
containment effect of the multi-layer cladding is not spoiled because polyethylene is provided as a cw 
js refractive material on the outside of teh multi-layer cladding. 

A resin layer 4 is provided at the outermost of an infrared light fiber having an alternately tammatea 
muiti-iayer cladding 2. The resin layer can protect and prevent the injury of the multi-layer cladding I 
Accordingly, the fiber has a mechanically stable muiti-layer cladding structure. 

Because the multi-layer clad is not easily iniured. the light containment effect thereof is not spoiieo. 
4<? THe possibility of occurrence of the laser injury of the fiber can be descr eased. 

8ecause the refractive index of me resin is not larger than that of the low refractive material withm. 'he 
multilayer clad, the light containment effect of the multi-layer clad is not spoiled by the addition of the -asm 
layer. 

The optical fiber according to the present invention can be used as an optical fiber for transmitting 
43 carbon dioxide laser light for various purposes, such as a light transmission line for laser medicne and a 
light transmission line for laser machining. 

In Figs. 25 • 29, the optical fiber according to another embodiment of the present invention is arrangeo 
such that a metal layer having a high reflection factor is provided on an outer circumferenc of an 
alternately laminated multi-layer film clad, 
so The metai having a high reflection factor may include, for example, gold, silver, aluminum, and tne ike 
The tnickness of the metal layer may be selected to be of the same order as or less than the wavelength M 
infrared light, that is, suitably selected to a value within a range of from 0.1 micrometer to 10 micrometers. 

The wavelength of light to be transmitted through the optical fiber according to the present invention s 
assumed to be 10.6 micrometers which is the wavelength of a CO? laser beam, or a value in the vicinity )f 
55 this wav I ngth. In such a region of wavelength, the foregoing metal materials can easily realize a 
reflectivity not smaller than 95%. 

Fig. 25 and 26 are a cross section and a longitudinal side view in section, showing the optical -»ber 
according to th present invention. In th drawings, an optical fiber core 1 having a large diameter 5 
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crovidec at ihe tarter of :ne optical 'cer. A mm alternately am mated muiti-aysr '..'m ::ac I ivt^c 
around :, h e :pticai 'ifcer :cre A :hn rsetal :ayer 4 •$ provided on the outermost ::rcum?erence :f : re 
alternately lamiratea multi-ayer caddirg 2. 

The optical *iber core n-ay be r'ormed by using sucn a desired infrared-ray 'iter material as cescncec 
5 r :he foregoing emoodiment. for examcie. a crystalline fiber cf silver hatide. thailium nahde. aikaii ranee. :r 
the ike. or a giass faer of chalccgenide giass. "uoode giass. or me -ike. As sescn&ed above, re 
a terrateiy amirated muiti-ayer film cladding 2 is not limited by the core, but ^ay be a gereratly used 
cacdmg 2. 

The multi-layer film cladding 2 s formed oy stacking successive thin films ;f a .naterial mostly 
ro transparent to mfrared rays. Further, me multi-layer film clad 2 may be a combination of materials hav:rg 
nigh and lew 'efractive indexes. 

As described above, the inventors of this application nave accomplished the muiti-iayer 'i.'m c:ad :f 
PbF^'AgBr. PbF* is a material having a low refractive index and Ag8r is a material having a high refractive 
•ndex. Thus, the multi-layer film cladding 2 has a function such that infrared light »s reflected at :r.e 
/s boundary between adjacent films in the cladding 2 so as to oe returned into the core i. Aithougn ;re 
infrared light can be reflected also by the metal layer 3. the component of the infrared .'ight entering .nto :re 
metal layer without being reflected therefrom is absorbed in the metal layer to thereby generate neat m re 
metal layer. On the other hand, the multi-layer film clad is made of materials having high transmittance. and 
therefore it never generates heat due to absorption of the infrared light 
20 Additionally, the inventor of the present invention has accomplished a multi-layer film clad of PbF 2 ,Ge. 
Furthermore, it is possible to form another alternately laminated multi-layer film by a combination of 
materials which have refractive indexes different from each other and each of which has hign permeaiiity to 
mfrared light. 

The outermost metal layer 4 is constituted by a thin metal film made of gold, silver, aluminum, or the 
25 'ike and having such a function to reflect light leaking out of the alternately laminated multi-layer film clad. 
Thus, light can be perfectly prevented from leaking out of the outer circumference of the optical Hber. 

As shown in Fig. 30, the infrared light power which is allowed to leak out of the alternately laminated 
multi-layer film clad is extremely small relative to the whole light power. Being thus extremely small. :ne 
leaked tight power can be perfectly refelcted by the metai layer to the returned back to the core f even if 
30 the metai layer 2 is thin. 

Although the optical fiber according to the present invention has a fundamental arrangement as 
described above, the outer circumference of the metaJ layer 4 can be further coaled with a resin layer 3. a 
shown in the cross section of Fig 28. in order to increase mechanical strength so as to protect the optical 
fiber. The resin layer 3 may be made of, for example, polyethylene. 
3S Since infrared light does not leak out of trie outer circumference of the metai layer 4, there <s no 
possibility of burning of the resin layer 3. Therefore, it is possible to use any resin material which is suitable 
to be molded. 

Further, since the light leakage may cause a serious problem at the incident and exit ends of the optical 
fiber, only the end pontons can be coated with the alternately laminated multi-layer film. 
40 Also in such a case, a metal layer coating may be effectively provided on the alternately laminated 
mum-layer film at each of the end portions. 

fn order to prove the fact that the optical fiber according to the present invention is effective in 
improving the amount of light power to be transmitted, the following experiment was conduted. 

An optical fiber core 1 made of crystalline Ag8r and having a diameter of 700 micrometers was 
45 prepared. The optical fiber core 1 was coated with PbF* and Ag8r by repeatedly alternately laminating one 
on top of the other for three cycles. That is, PbF a and Ag8r are altemtely laminated and are repeated to 
form a cladding 2 made of three layers of PbFj and three layers of AgBr. This cladding 2 was provided 
over the whole length of the core 1 . 

Two optical fibers were prepared in such a manner as described above. A terminal fixing member 5, 
so shown in the perspective view of Fig. 29, of stainless steel was fixed with resin at each terminal of one of 
the optical fibers which was maintained as it was. This optical fiber was called sample a. 

In the other optical fiber, the multi-layer film cladding 2 was coated with gold" to a thickness of 1 
micrometer according to the present invention so that a metal layer 4 was provided on the optical fiber. 
Then, a terminal fixing member S of stainless steel was fixed with epoxy resin 7 at each terminal of the 
55 optical nber. This optical fiber was called a sample b. The sample a is different from the sample b m that 
the gold layer 3 having a thickness of t micrometer is formed in sample b but not in sampi a. 

A temperature measuring thermocoupi 6 was mad to b in contact with each of side surfaces of ih 
terminal fixing members 5. Thereafer. a CO* laser b am was caused to pass through each of thes 
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samples. ~he thermocouple 5 .vas -isccsed :c :etect xs temperature .'?se of -he rerm.nai ~i~z}t 5 
at :ne exit end. 

1>8 temperature rise becomes 'ar;e as :he aser sower becomes arge. in :re samoie 3. vi.:: ; r 
embodiment according to the present nvention, .t *as practically confirmed mat the •emoerau-re ■ -e -.35 
5 smaller than that of the sampe a and r.o : aser damage *as generated. 

Tade ! shows :he reiationsnip between the aser cower of a CO* ^aser ceam. and -he *t£-.: :r 
measurement of :he temperature rise of :he terminal fixing member in each :f the sameies a aro o "'~e 
aser oower .vas obtained by measuring :he oower of the laser ceam ermrted from its exit wc zy .1 ^ a 
cower meter. 
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Co 2 laser Power and Temperature at Terminal Fixing Me.-r.b 


■•5 


Transmission Power 


Temperature Rise 


(°C) 




of Laser 


Sample a 


Sample ! 




(Outout end) 






20 


50W 


55 


40 




75W 


31 


62 


25 


100W 


113 


85 




125W 


140 


103 


30 


150W 


170 


125 




175W 


Laser damage 
in terminal 


145 


25 




fixing member 





As apparent from these results, the temperature rise in the sample b provided with the 1 micrometer thick 
gold layer was suppressed to 70 • 80% of that in the sample a provided with no gold layer. 

<o Further, in the case where the power of the CO? laser be~am was 175W, damage was generated *n :he 
terminal fixing portion of the sample a so that the sample a was not able to be used. The sample b. on the 
contrary, could be used even in the case of the lasef power of 175W. On the assumption "mat the 
temperature rise is a factor for determining an upper limit of laser power which can be transmitted, the 
sample b according to the present invention can transmit laser power larger than that of the sample a by 20 

45 -30%. ~ 

Thus the fiber according to the invention is an excellent infrared*ray fiber and offers the blowing 
advantages: 

(1) infrared light which is apt to escape from the optical fiber can be enclosed in the core. 

(2) There is no limiting condition between the refractive index of the core material and the refractive 
so index of the altemarey laminated multi-layer film forming a cladding. 

(3) Even if a mechnicaily reinforcing layer is provided on the outside of the fiber so as to be m close 
contact with the fiber, the reinforcing layer is not heated. Accordingly, it is easy to provide reinforcement 
of the fiber. 

(4) By the sam reason, it is easy to support or fix the fiber. 

55 (5) Because light which is apt to escape from th optica) fiber can b enclosed, materia) around the fiber 
is not heated by absorption of leaked light. 

(8) The optica) fiber can be used without cooling even in bad conditions with respect to heat radiation. 
(7) The light transmission capacity of the optica) fiber is increased. 

33 

3NS0OCI0: <EP__*2*203A2_i_> 



EP 0 426 203 A2 



(8) 9y the alternately .'aminated -nuiti-iayef film. the core can te protected against ceqrzcatcr : *: 
aater. 

;9) 3ecause Ge is used as :ne 'ayer <vitnm ;he alternately 'animated muitHayer ^m. re -.z~f 
cannot be -^graded or decomposed. 

(10) Cost can be saved compared with case wrere the whole surface of :he fiber >s -reared v.t 
alternately 'aminated multilayer having a uniform number of layers. 

fin Because me intermediate portion as well as each cf the end portions may ;e ccateo .-/up an 
alternating «ilm formed by 'amination of at least one repetition cycle. »ght ac-sorcers :3nrot :e n ::r?c: 
contact with the fiber core. Accordingly, the -ight transmission characteristic :s excellent n $:ao.!y 
compared with the prior art case where only the end portions are coated. 

(12) In the optical fiber incorporating a metal 'ayer according to the present invention. Manage or -gh: :ut 
of the outer circumference of the optical fiber is small in comparison with an optical ;;cer orovced vitr. 
only the alternately laminated multi-layer film clad. 

Pg. 27 is a graph showing a radial distribution of density cf ight power ;n a cress section cf re 
optical fiber with a metal according to the present invention. The light power in the outer rrcumrerent.-ai 
surface of the optica] fiber is zero because the light is reiected back by the metal layer. 

Therefore, the amount of light power which can be transmitted is further increased. 

(13) The temperture rise of the terminal fixing portion is less because no light power 'eaks out cf :r.e 
optical fiber Therefore, laser damage hardly occurs in the terminal fixing portion. 

(H) The power of light reaching the metal layer has been reduced by the existence of the alternately 
laminated multi-layer film clad. Therefore, the light of such reduced power as described above can oe 
perfectly reflected by the metal layer even if the metal layer is thin. 

In an optical fiber provided with a metal layer formed directly on the circumference ot a core, :here 
has been such a disadvantage that strong light impinges onto the metal layer so that the metal ^ayer 
cannot reflect the light perfectly and absorbs a part of the light to raise the metal temperature, in tr.e 
optical fiber according to the present invention, however, the alternately laminated multi-layer fiim s 
provide, so that th foregoing disadvantage can be eliminated. 

(15) In the case where a silver halide crystal or a thallium halide crystal is used as the material cf :re 
optical fiber core, the core material may be decomposed by ultraviolet light or visible light *nen the^ ight 
enters. 

in the optica) fiber according to the present invention, however, there is provided the metal :ayer 
through which visible light as well as ultraviolet light is not allowed to pass. Therefore, the core material 
is never decomposed due to time aging even when the core material is made of a silver haiide crystal or 
a thallium halide crystal. 

The optical fiber according to the invention may be used, for transmitting a CO? laser oeam. as a 
light transmission line for a laser medically treating equipement, a laser processing machine, or the like. 

The optical fiber according to the present invention can be used as an optical fiber for transmitting 
carbon dioxide laser light for various purposes, such as a transmission line for laser medicine, a 
transmission lint for laser machining, etc. 



Claim* 

1. An optical fiber, comprising an optical fiber core; and 
an optical fiber cladding covering outer peripheral 

surfaces of said core at end portions of said core, said cladding comprising at least one lamination pair 
of a first layer of a first material and a second layer of a second material of predetermined thicknesses 
and differing refractive indices. 

Z The optical fiber of claim 1. wherein said second material substantially consists of germanium, said 
thickness of said first layer is not larger than 3.3 am and said thickness of said second layer is not 
larger than 1.45 urn. 

1 The optical fiber of claim 1. wherein said second material substantially consists of silver bromide, said 
thickness of said first layer is in the range of 0.3 - 7.8 um and said thickn ss of said second layer : S n 
th rang of 0.6 - 3.1 urn. 

4. An optical fib f comprising an optical fiber core; and and optical fiber cladding covering outer 



34 



EP 0 426 203 A2 



oenpnerai spaces of said core at .east at end ccrticns or said :ce -;a>d ::cW.* :;rc-sr; * 
:wo 'amiration cairs of 3 first ! ayer or a : i'sr ^ater«a! ana 3 secede* ayer a mczrc -r.i'i 
predetermined :hicKnesses and ^Waring -erractive .r.cicas therein ■.fere are a --.-cer ■ :■ 
ammatjon pairs at said ena portions of £3id :cre ana ir.ere are a "-mcsr -n :r sai-a arr.-a: 
:ovsong said core at an intermediate conon cetween said end cogens ana .-.>-> 0 

5. r he optical ; iber of claim \ or therein saia core substantial/ consists :f org -r.errcer 5e ! -3c:e- 
:he grouo consisting of a thallium cnicrde rrysral. a iraiiium orc-mce rrysraf. a '-a..:um :c.:a :-.5: 
ana mixed crystals thereof. 

6. The optical fiber of claim t or 4. wherein said cere sucstamiaily ccnsiS?s ;r :re mercer se-e-reo ; r: 
:he group consisting of a silver chloride crystal, a silver bromide crystal, a s-iver cede :.-,s:a. r 
mixed crystals thereof. 

7. '"he optical fiber of claim i or 4, wherein said core substantially consists zi one memcer se-ec:^ 
;he group consisting of a cesium iodide crystals, a cesium bromide crystal, a cesium coca rat -: r 
mixed crystals thereof. 

8. The optical fiber of claim 1 or 4, *herem said first material substantially consists of -'ead rlucrde ir 
said second material substantially consists of germanium. 

9. The optical fiber of claim 1 or 4, wherein said first material substantially consists of !ead flours v 
said second material substantially consists of silver bromide or silver chloride. 

10. The optical fiber of claim 1 or 4, wherein said core substantially consists of a thallium naiide crystal 

11. The optical fiber of claim I or 4. herein said core substantially consists of an alkali naiide crystal. 
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